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Abstract 
 
This thesis investigates the use of interferometry as an interrogation technology for the 
measurement of differential length at two widely separate locations.  Differential length 
measurements are essential and can have many applications in industrial processes, 
therefore accurate measurements can be a critical.  Such differential length 
measurements can be applied to aspects of differential pressure.  Using an all optical 
fibre approach, the research utilises the effects of light interference for both low 
coherent and high coherent light sources for the determination of a differential length 
between individual sensing cavities separated by up to 10’s of meters. 
The construction of the differential length interrogation system makes use of two Fabry-
Perot cavities arranged in a tandem configuration, as a means of determining the 
differential length between them.  Such an arrangement provides a common path 
through which an optical broadband light source at a central wavelength of 1550 nm can 
propagate.  As a consequence of this configuration, differential lengths are made simply 
using one single measurement, removing the need to determine each individual length.  
An additional benefit of this common optical path prevents environmental factors such 
as temperature and air pressures from affecting the measurement length in question. 
Using a scanning reference Michelson interferometer to induce an optical path change, 
low coherence interference effects are present when the optical path length of the 
differential Fabry-Perot cavities is equal to the optical path length difference in the 
Michelson interferometer.  Using a separate DFB laser light source to illuminate the 
reference interferometer high coherence interference fringes, present when the optical 
path length of one interferometer arm is changing due to a piezo fibre stretcher, can be 
analysed to provide an accurate length determination.  Taking into consideration the 
noise within the system the interrogation technique has a length measurement resolution 
of 27.43 nm.  Demonstrations show that a differential length of 82.539 µm could be 
measured with an uncertainty of 41.00 nm. 
Through the characterisation of a deformable silicon diaphragm, it would be possible to 
construct a sensing system capable of measuring a differential pressure of 1 Pa in 
100 kPa. This however would require a 9.13 mm thick diaphragm, with a radius of 
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0.35 m.  Such a diaphragm would be out of the question and so further investigation 
into reducing the length measurement resolution would need to be carried out. 
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Chapter 1: Introduction 
 
1.1. Motivation 
Pressure comes in all shapes and forms, from the pressure of writing a Ph.D thesis, to 
the hot water pressure from your shower in the morning.  In most industrial applications 
of pressure measurement, accuracy is a key factor.  In some cases more than others, 
measurement resolutions of 1 in 100,000 can be pivotal. 
Differential pressure measurements are essential in a wide range of industrial processes.  
The main goal of this research is for the development of an interrogation technology 
through which the differential length of two individual sensing cavities can be measured 
and thus used for the determination of a differential pressure.  The problem of 
measuring the differential pressure of two separate locations, at distances up to 10’s of 
meters apart, is an issue which can exist within a complex pipe work series. 
Being able to measure differential pressure with an absolute pressure in the order of 
100 kPa and a requirement for a differential pressure resolution in the order of 1 Pa, 
remains a challenge for existing sensors.  Currently such measurements are carried out 
by using long liquid or gas filled pipes, bringing the pressures to a single differential 
pressure gauge which has a sufficiently large dynamic range and resolution.  
Unfortunately this approach does not achieve the required finesse because of the 
pressure gradients and other practical complications that can exist within the piped 
connection.  
It is for this reason that this thesis presents an all optical fibre approach of determining 
the differential length of two independent sensors, which could be applied to 
applications of pressure measurements.  The configuration will be such that the 
interconnecting fibre optic leads are a passive element in the application and insensitive 
to the surrounding area, even when separated by the distances previously mentioned.  
The use of fibre optics also has advantages over free space optics such as flexibility, 
integration and compact nature. 
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1.2. Differential Length Measurement Application  
A possible application in which the measurement of differential length can be utilised is 
in the determination of differential pressure and flow rate measurements.  Pipe work, for 
the delivery of liquid, can have many bends, turns, and interior obstacles which may 
affect the liquid flow, especially over long lengths.  Being able to measure the change in 
flow from one position to another would help in the structuring of the pipe work in 
order to optimise the arrangement and maintain a healthy and steady flow.  Figure 1.1 
shows a typical pipe system and the change in pressure which may result due to a 
restriction in the form of a valve, extended or narrowed pipe, or multiple bends. 
 
 
Figure 1.1: Schematic of a typical pipe work system showing the change in pressure due 
to restrictions which occur within the flow. 
 
There are currently a number of conventional methods which are commercially 
available for pressure measurement.  In some practical systems in which a measurement 
resolution of 1 Pa is desirable, against large background pressures up to 100 kPa, with 
temperature variations up to 130 °C, differential sensors capable of reading within the 
desired pressure range have their limitations in the form of accuracy (typically 2%).  In 
Chapter 2 a more detailed analysis of current conventional methods and their limitations 
will be given however a few examples will be briefly discussed below. 
Pressure measurements are capable of being made via a variety of electrical methods, 
including piezoresistive and capacitive sensors, which will be discussed more detailed 
in Chapter 2.  Other techniques include the use of manometers.  Electronic differential 
manometers are commercially available (1) however in most cases the resolution 
(0.05%) is inadequate.  These devices also require additional interconnecting tubes to 
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carry the liquid to the manometer device for measurement which may contain bends and 
twists as it leads from the measurement area to the manometer.  These bends, along with 
environmental factors such as temperature changes, may result in pressure changes 
along the tubes, and could therefore alter the measurement of interest.  It may also be a 
requirement for measurements of liquid pressure, due to the occurrence of air bubbles, 
to bleed the interconnecting tubes to avoid inaccuracies of the measured pressure.   
It is possible to measure flow directly within the pipe using devices such as an 
ultrasonic flow meter (2) or an impeller flow meter (3).  An ultrasonic flow meter 
monitors the average velocity of a fluid, using ultrasonic transducers, by averaging the 
difference in measured transit time between the pulses of ultrasound propagating into 
and against the direction of the flow.  These flow meters however can be affected by 
changes in the fluid temperature, density, and viscosity, and can even be affected by 
suspended particles within the fluid.  An impeller flow meter probe is equipped with 
lightweight helical impellers mounted on double sapphire bearings.  The impellers 
contain magnets which actuate Hall-effect switches within the probe to detect impeller 
rotation.  The main shortcoming of impeller-type flow meters is the lack of sensitivity to 
low-velocity flow and the need to be inserted into the path of the liquid.  This would 
most likely have an influence of the flow rate due to the obstruction it would create. 
It is partially for these reasons that the desired interrogation system be an optical fibre 
sensing configuration, utilising the effects of interferometry.  Such an interrogation 
system would be small in size allowing for multiple measurement position to be placed 
within close proximity to one another and also allow for data analysis to be carried out 
at far locations away from the measurement position.  Fibre optic sensors are primarily 
immune to electromagnetic radiation due to the dielectric nature of the fibre making 
them prime candidates for the use in noisy electromagnetic environments where 
conventional electric sensors may not be possible.  Further details regarding fibre optics 
and the sensing techniques that can be implemented will be given in the remainder of 
this chapter with a more in depth analysis given in Chapter 2. 
 
1.3. Interferometry 
Interferometry utilises the wave nature of electromagnetic radiation making use of the 
principle of superposition to combine waves.  The resultant wave combination therefore 
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has a meaningful property that is a diagnostic of the original state of the waves.  This 
works because when two waves of identical frequency (or wavelength) combine, the 
resulting pattern is determined by the phase difference between the two waves.  As 
illustrated in Figure 1.2, waves that are in phase will undergo constructive interference 
while waves that are out of phase will undergo destructive interference.  For the two 
waves to interfere and produce a stable pattern as illustrated, they must have the same 
frequency.  A more complete analysis of interferometry is provided in Chapter 3. 
 
 
(a) 
 
(b) 
Figure 1.2: Superposition of waves showing (a) constructive and (b) destructive 
interference effects. 
 
If the sources are both “white light” or broadband sources however, the corresponding 
wavelengths of each source will interfere and the overlapping monochromatic patterns 
will produce a white light interference pattern.  If a white light source is used in a two 
beam interferometer such as a Michelson interferometer, details of which will be 
provided in Chapter 2, when the optical path length (OPL) difference of the two 
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interferometer paths is within the coherence length of the source, an interference 
pattern, illustrated in Figure 1.3, is observed.  It is within this region that the light waves 
superimpose coherently. 
 
 
Figure 1.3: White light interferogram generated as a result of a matched optical path 
length (OPL) of two interferometer paths within the coherence length of the light 
source.  This image was modelled using a broadband light source centred at 1550 nm 
with a spectral width of 263.93 nm. 
 
It is possible to define the absolute length of an optical path through scanning of the 
other optical path because interference fringes are only observed when the path lengths 
match. 
Interferometry making use of light or some other form of electromagnetic wave has 
become one of the most widely used techniques of distance measurement following 
pioneering experiments to determine the speed of light in 1881 by Michelson (4).  
Optical systems that make use of interferometry as a means of measuring the change in 
interference of two light beams, where one beam has been perturbed by the measurand, 
are known as interferometers.  The most commonly known and used interferometers are 
the Michelson (5), Mach-Zender (6), Sagnac (7), and Fabry-Perot (8). A detailed 
illustration and description of each interferometer arrangement will be provided in 
Chapter 2.  More advanced interferometric systems are based on tandem interferometry 
using broadband, or low coherent, light sources, in which length measurements are 
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made when compared to a second ‘reference’ distance of known length.  Further details 
on how these interferometric systems operate and how they are used in sensing 
techniques will be discussed in Chapter 2.  Interferometers have been extensively used 
for precision metrology as changes in the OPL difference or phase of the interferometer 
can be measured to within a fraction of the wavelength of light.  It should be noted that 
the accuracy is related to the accuracy and stability of the source wavelength.  
 
1.4. Fibre Optic Sensors 
Fibre optic sensors have become a solution for the monitoring of environmental 
parameters such as strain (9), temperature (10) and pressure (11) due to the numerous 
advantages they hold over conventional sensors.  The overall size of fibre optics allows 
for the development of small, lightweight sensors which can have numerous 
applications in industry.  The advantage of some form of fibre optic sensors ability to be 
multiplexed on a large scale along a single fibre also helps in keeping the size and 
weight to a minimum (12).  As mentioned in section 1.2, a further advantage of fibre 
optic sensors is their immunity to electromagnetic radiation.  They can also be used in 
potentially dangerous environments such as flammable or explosive environments (13) 
as they are intrinsically safe due to their electromagnetic passivity, and can be integrated 
into composite materials to form smart structures (14).  
Material properties of optical fibres are a key element in their advantages over 
conventional sensors.  Standard communications fibre (Corning SMF-28) (15) is the 
most widely used single mode optical fibre and is commonly used at wavelengths in the 
1310 nm to 1550 nm regions.  This fibre exhibits low attenuation within these 
wavelength ranges, typically <0.35 dB/km at 1310 nm and <0.22 dB/km at 1550 nm, 
and is therefore capable of transferring data from the sensing region to the interrogation 
system for use in remote operations without the loss of vital information over distances 
up to 30 km (16).  The material strength of an optical fibre is high, in particular the 
tensile strength; however this strength is reduced with the formation of cracks along on 
surface which could form when the fibre is under tension.  Use of a protective coating 
on the fibre is a means of preventing these surface cracks, and maintaining the long term 
stability of the fibre. 
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Optical fibre sensors have been extensively researched for use in numerous industrial 
applications as replacements for conventional sensors.  The fibre gyroscope (17), for 
precise rotational measurement due to cross axis insensitivity to vibration and shock, 
has become an established and widely used fibre sensor serving a particular use in 
inertial navigation.  With no moving parts, as are found in the mechanical spinning 
mass gyroscope, the fibre optic alternative doesn’t rely on inertial resistance to 
movement making it a more stable and reliable solution.  Further established fibre 
sensors include the optical fibre hydrophone for measuring under water acoustic signals 
(18) which takes advantage of the multiplexing feature of optical fibre sensors by 
integrating over one hundred sensors per fibre cable, and sensors for medical uses, 
including imagery, illumination, and light beam delivery (19).  Despite the many 
advantages that fibre optic sensors have, they have not been extensively commercialised 
due to the developed and established technological competition of conventional sensors.  
A successful fibre optic sensor must offer advantages that cannot be achieved with a 
conventional sensor. 
 
1.5. Differential Length Measurement 
Optical fibre sensors can be constructed in such a way as to measure one parameter, 
through which a second parameter can be determined.  For example a pressure sensor 
based upon a flexible diaphragm can provide a measure of pressure via a measure of 
diaphragm deflection.  In the case of this research differential pressure measurements 
between two separate locations will be determined with the use of a differential length 
measurement interrogation system.  This can be achieved using independent Fabry-
Perot sensing cavities constructed such that the reflective surface of the cavity end face 
will be in the form of a deformable diaphragm.  When an external pressure is exerted on 
this diaphragm deformation will result in a change in the cavity length.  Knowing the 
characteristics of this deformable diaphragm, the applied pressure can be determined 
through measurement of the change in the differential length being calculated due to the 
change in the diaphragm central deflection. 
This thesis outlines the approach and techniques used in achieving the goal of 
measuring differential length, with applications in the use of pressure measurements.  
The differential length will be between two widely separated independent Fabry-Perot 
cavities formed using a cleaved fibre optic end and a reflective surface.  
8 
 
In order to make differential length measurements between the two independent Fabry-
Perot sensing cavities, these will be arranged in a tandem configuration.  Although the 
interconnecting fibre leads between the sensing cavities may experience environmental 
factors such as temperature and pressure changes, using such an arrangement, these 
factors should not influence the measurement signal and desired outcome.  The Fabry-
Perot cavities are in turn connected to a scanning, reference Michelson interferometer, 
used as a calibration tool for length measurements.  This provides an all fibre optic 
configuration, making use of both low and high coherence interferometry techniques as 
will be shown in Chapter 4.  
The technique uses an OPL difference scan, passing through zero OPL difference in 
order to recover the interferogram, similar to that shown in Figure 1.3.  One method to 
allow such a scan whilst keeping an all optical fibre arrangement would be to use a 
piezo electric cylinder, calibrated using a distributed feed-back (DFB) laser.  Problems 
such as birefringence and polarisation mode dispersion introduced using such a method 
will be discussed in Chapters 2 and 5.  Techniques such as the Hilbert transform, peak 
detection, and fringe counting are employed as a means of determining the desired 
length. 
 
1.6. Thesis layout 
Chapter 2 of this thesis reviews conventional and electrical sensing techniques for 
making differential length and pressure measurements, and why these particular 
components would not be a viable solution to the overall goal.  There is also an 
overview of the fundamentals of fibre optics and how their properties have made them 
ideal candidates for sensing.  The different fibres available are discussed, and the 
formations of birefringence in optical fibres and why it is important to consider this.  
Optical measurement techniques are also considered, forming the foundation of why the 
particular technique was chosen, and also examples of some current fibre sensors are 
shown. 
Chapter 3 investigates the theory behind the Michelson interferometer and how this 
simple, yet important, configuration can be used in optical metrology.  Chapter 3 
continues by looking at Fabry-Perot cavities and the theory of extrinsic cavities formed 
between the fibre end and an external reflective surface.  Investigations into the 
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reflectivity and transitivity of the cavity boundaries reveal how the cavity visibility can 
be altered and how this affects the optical transfer function.  The theory of interference 
for both high and low coherent light sources is considered in this chapter, as both 
sources are considered for use in this project.  The Hilbert transform is investigated as 
well as how this technique can be used as a means of obtaining the envelope of a 
particular wave packet. 
With the interrogation technique of differential length measurement having an 
application in the measurement of pressure, the theory behind deformable diaphragms, 
which could possibly be used as the reflective surfaces of the Fabry-Perot sensing 
cavities, is also discussed in Chapter 3. 
The individual aspects of the interrogation scheme used for making differential 
measurements is considered in Chapter 4, as is the implementation of the interrogation 
scheme as a whole.  The methods used in devising the individual components and sub 
sections of the working system is discussed and why those particular methods over 
alternative techniques were chosen and the advantages of doing so. 
Chapter 5 includes analysis and performance of the optical components and light 
sources used and the details of the selection choice.  Noise within the system is 
discussed and how this has an effect on the experimental arrangement and on the 
measurement accuracy.  The effect of a changing temperature on the interconnecting 
fibre leads between the sensing heads is considered and its effect, if any, on the 
measurements. 
Chapter 6 describes the possible sensing configuration of a diaphragm based pressure 
sensor for use in the developed differential length measurement system.  Diaphragm 
fabrication and material choice are discussed in order to optimise the sensing 
configuration. 
Finally, in Chapter 7, a brief summary of the thesis is provided along with the 
conclusions based on the research carried out. Future work is also suggested in this 
chapter. 
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Chapter 2: Review 
 
2.1. Introduction 
As stated in Chapter 1, this research focuses on the development of an interrogation 
technology for measuring the differential pressure between two independent and 
potentially widely separated sensing cavities.  Such a measurement will be determined 
in terms of the differential length measurement of the two Fabry-Perot cavities.  The 
main purpose of this chapter is to first review conventional state-of-the-art measurement 
systems capable of providing pressure and length measurements, and secondly to 
provide an introduction and review on optical fibres as an alternative and how they can 
be integrated as sensors to measure such parameters. Optical fibre interferometric 
sensors will be reviewed in a more detailed manner as this is the approach the research 
will focus on, however other fibre optic sensor techniques such as intensity and 
polarisation based sensors will be discussed, as well as the use of Fibre Bragg Gratings.  
A more complex interferometric system in the form of a tandem configuration will be 
reviewed, as will the effects of birefringence within optical fibres when used in an 
interferometric system. 
 
2.2. Introduction to Pressure 
Pressure is the ratio of force to the area over which that force is distributed.  
Measurements of pressure can be carried out in two forms: absolute, measuring one 
individual pressure; and differential, the difference between two or more separate 
pressures.    A pressure gauge is commonly used to describe an instrument used for 
measuring pressure.  Commonly used pressure gauges include the manometer (1), a 
liquid filled tube in a U-shape form, which when exposed to pressure from one end will 
result in the rise or fall of the internal fluid.  Measures of the change in liquid can 
determine the external pressure applied. 
Other measures of determining the extent of a pressure force include the monitoring of 
material properties.  When this force is exerted upon a material surface, deformation of 
that surface may arise due to the material properties and design.    Such techniques for 
pressure sensing include the use of Bourdon tubes (2), bellows (3), and diaphragms (4).  
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Diaphragms are of particular interest in the use for pressure measurements due to the 
flexibility of the design parameters and the possibility of mounting electrical 
components on the surface. 
In the context of many optical fibre sensors, diaphragm based pressure sensors are based 
on an extrinsic Fabry-Perot interferometer, as illustrated in Figure 2.1.  The 
interferometer cavity is formed between the reflective surface of the deformable 
metallic diaphragm and the Fresnel reflection from the cleaved fibre end used to carry 
light to and from the cavity.  A further explanation of the measurement capabilities of 
such an arrangement and the deformation properties of a diaphragm will be covered in 
the remainder of this chapter and in Chapter 3. 
 
 
Figure 2.1: Diaphragm Fabry-Perot pressure sensing cavity. 
 
The optical path length of the Fabry-Perot cavity is measureable through the Free 
Spectral Range (FSR) technique, more details of which will be provided in 
section 2.5.5.  Changes in the optical path length of the cavity due to deflections in the 
diaphragm can be monitored, thus through knowledge of the diaphragm properties or 
when calibrated against a standard diaphragm, the applied pressure which induces 
deformation can be calculated. 
 
2.3. Conventional Sensing Techniques 
There exist many suitable techniques for the measurement of length or pressure.  In the 
case of this work, measurements will be based on differential length or pressure.  
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Generally, pressure measurements are made by measuring the force that is applied to a 
known area.  Alternatively, measurements can be made by determining the effect that a 
pressure may have on a sensing element in terms of the stress or strain applied to this 
particular element.  This is then used to determine the actual pressure and is the general 
principle which many electrical sensors adopt. 
The most commonly used electrical pressure sensor makes use of piezoresistive 
materials as the sensing element.  Piezoresistive materials provide a way to convert an 
applied strain to an electrical signal.  Embedding a piezoresistive material onto a 
sensing element, for example a deformable diaphragm, allows for stress changes to be 
monitored when deformation of the diaphragm occurs.  Strain in the diaphragm results 
in a change in the material resistance which can be electronically measured.  Typically 
the piezoresistive material is used as one of the arms of a Wheatstone bridge circuit, 
illustrated in Figure 2.2, as a means of measuring applied strain. 
 
 
Figure 2.2: Wheatstone bridge construction. 
 
Through changes in the output voltage ΔV, as a result of the changing resistance ΔR, the 
mechanical stress of the diaphragm can be determined.  This fabrication is based on 
standard semiconductor processing techniques.  Packaged transducers or unpackaged 
semiconductor chips are available commercially. 
Differential pressure sensors can be manufactured which cover large pressure ranges 
with high measurement accuracy, over a wide temperature range.  For example 
Honeywell (5) have developed a series of differential pressure sensors with 
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measurement accuracy ranging from 0.1% to 0.2%, with a maximum operating pressure 
from 3.4 kPa to 68.9 MPa.  These sensors operate on the above mentioned 
piezoresistive effect.  Figure 2.3 shows typical examples of such sensors. 
 
    
Figure 2.3: Honeywell series of differential pressure sensors (5) 
 
An alternative electrical sensor, this time based upon parallel plate capacitors, is a 
capacitive sensor.  These sensors primarily use a deformable diaphragm for pressure 
detection where the sensing element is a pair of parallel plates to form the capacitor.  In 
most cases the deformable diaphragm is one of the capacitive plates.  Upon contact with 
pressure, this plate will flex, whilst the other plate, attached with a rigid seal to a 
ceramic substrate, remains insensitive to pressure.  As the pressure changes and the 
diaphragm flexes, the spacing between the capacitor plates changes, resulting in the 
measurement of the applied pressure.  This design produces a highly reliable and stable 
variable capacitance. 
Mechanical methods are also commercially available for the measurement of length and 
displacement.  One method of measuring the displacement at a particular position would 
be with the use of a linear variable differential transformer (LVDT).  An LVDT is a 
linear displacement electro-mechanical transducer used for providing robust, accurate, 
and repeatable results.  One form of LVDT consists of a primary and two secondary 
coils, with a central magnetic core, illustrated in Figure 2.4.  This operates by 
generating an electrical output which is proportional to the core’s displacement. 
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Figure 2.4: Internal structure of a typical LVDT. 
 
The primary coil provides excitation whilst the secondary coils provide the output 
signal, with the current transfer between the primary and secondary being controlled via 
the magnetic core position.  At the central position the secondary coil voltages are equal 
and the transducer provides a zero output.  When the core moves away from the central 
position the voltage of one of the secondary coils will increase whilst the voltage of the 
other will decrease, resulting in a displacement measurement dependant on the direction 
of travel.  The resolution and accuracy of these devices is limited by the accuracy and 
precision of the coils used. 
An alternative approach to LVDT’s for linear positioning is the use of optical encoders. 
Optical encoders use a variety of devices, all of which use light as a means of 
transforming motion into an electrical signal.  The two main components of an optical 
encoder are the main grating and the detection system, the positions of which, of one 
with respect to the other, are detected.  For performing linear measurements, the main 
grating, which represents the measurement standard, is one or more sets of parallel lines 
of constant or specially coded pitch.  Optical encoders are used in instrumentation 
ranging from digital callipers to semiconductor steppers. 
Highly developed electrical sensors are commercially available for the measurement of 
pressure and displacement.  These particular sensors do unfortunately have some 
disadvantages in the application area investigated in this research.  The most significant 
disadvantage of conventional sensors is the dimensions of some sensing areas, which 
may not permit measurements within close proximity of the measurement position.  
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This in turn relates to the aforementioned interconnecting pipes used in pressure 
measurements to carry liquid to a sensor head.  These pipes could come under 
environmental effects such as temperature and air pressure and therefore result in 
inaccurate measurement results.  Fibre optics sensors have demonstrated the potential to 
overcome these issues and have become commercially available products (6), however 
such sensors unfortunately do not provide the resolution required to achieve the goals of 
this research and so alternative approaches must be considered. 
 
2.4. Optical Fibre 
Conventional optical fibres are typically a cylindrical waveguide as illustrated in 
Figure 2.5.  The fibre consists of a thin core with a refractive index ncore (typically 1.468 
for SMF-28), surrounded by a cladding layer with a refractive index, ncladding, 0.36% 
lower than that of the core.  Telecommunications has become the major use of optical 
fibres with development focussing on the transmission of light in the wavelength 
regions of 1310 nm and 1550 nm.  These chosen wavelengths lie in regions of low 
attenuation and/or dispersion allowing the signal to travel a longer distance without 
loss/distortion. 
 
2.4.1. Fibre modes and light propagation 
The basic types of optical fibres include single mode step index fibre and multi mode 
step index fibre, the cross section and refractive index profile of such fibres is shown in 
Figure 2.5. For low loss fibres, the core and cladding layers are generally manufactured 
from fused silica.  To achieve the higher refractive index in the fibre core, in order for 
the light to propagate through, this is usually doped using germanium.  An alternative to 
doping of the core to achieve a higher refractive index would be to dope the cladding 
layer as a means to reduce the refractive index.  To maintain most of the light energy 
within the core, the cladding layer must have a minimum thickness of one or two 
wavelengths of the transmitted light.  A protective plastic buffer material is usually used 
to surround the cladding layer as a method of preventing surface scratches which may 
degrade the mechanical strength of the fibre and hence reduce reliability. 
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Figure 2.5: Optical fibre showing step index profile. 
 
Optical fibres propagate light through the fibre core via total internal reflection.  Snell’s 
Law (7) describes the relationship between the angle of the incident light at the 
boundary of the core and cladding layers and refraction.  Total internal reflection occurs 
when the light approaches the core-cladding interface at an angle greater than the 
critical angle, θc, given by: 
 
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It is therefore the case that any ray incident on the waveguide boundary at an angle 
equal to or greater than θc will experience total internal reflection, as illustrated in 
Figure 2.6, however for angles less than θc there will be a partial reflection back into the 
waveguide with a reflectivity predicted by the Fresnel equation (8). 
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Figure 2.6: Optical fibre showing propagation through total internal reflection due to the 
incident ray angle being equal to or greater than the critical angle, θc. The incident ray is 
equal to or less than the angle of acceptance, θmax, which gives rise to the numerical 
aperture of the fibre. 
 
The path that a light ray will propagate through a fibre is dictated by the angle at which 
it enters the fibre.  Figure 2.6 shows the maximum acceptance angle for a ray to 
propagate, giving rise to the dimensionless parameter of an optical fibre, the numerical 
aperture (NA), defined as 
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claddingcore nnNA   (2.2) 
 
NA is defined as the sine of the angle of acceptance of the fibre and relates to the 
critical angle of the fibre through Snell’s Law 
 
   ccoreccoreair nnnNA  cos90sinsin max   (2.3) 
 
The greater the NA of an optical fibre the greater will be the amount of light accepted 
by the fibre (9). 
In multi mode fibres there exists a fibre mode which passes straight through the core of 
the fibre, known as the m=0 mode.  This mode in reality does not pass straight through 
the fibre, but has the smallest possible allowed angle for a given wavelength, and is the 
only mode supported by the single mode step index fibre.  Single mode fibre is a special 
case of step index fibre where a small core size is fabricated and the difference in the 
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core and cladding refractive indexes is minimal such that only a single mode of light 
energy can propagate through the fibre. 
Modal dispersion occurs in multi mode fibres due to rays following different paths 
through the fibre and consequently arriving at the fibre end at different times (10).  
Since light reflects at the core-cladding boundary at different angles for different modes, 
the path lengths of different modes are different, thus different rays take a shorter or 
longer time to travel the length of the fibre.  Although with the use of a single mode 
fibre modal dispersion is eliminated, chromatic dispersion is still an issue limiting the 
modulation bandwidth.  Chromatic dispersion results due to the effect of the refractive 
index of the fibre core causing different wavelengths to propagate at different velocities.  
Since chromatic dispersion is a function of the spectral width of the light source, narrow 
spectral widths are desirable for high-speed communication systems which transmit 
data through fibre optics with the use of a monochromatic laser source of a single 
wavelength.  The single mode path reduces scattering and absorption of light throughout 
the fibre, making single mode fibre the highest speed and lowest loss fibre type, suitable 
for communications and sensing applications. 
The propagation of light through a single mode step index fibre cannot be described via 
simple total internal reflection.  Electromagnetic wave theory, based upon Maxwell’s 
equations (11), provides a detailed description of single mode light propagation, and has 
been previously covered in texts (12-14). 
For a cylindrical fibre, the assumed solution of the wave equation, for the electric field, 
is given by (15) 
 
    zirEE  exp,0  (2.4) 
 
Where β is the propagation constant, or phase shift per unit length, of a sinusoidal wave 
measured along the z axis. 
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An important parameter used in defining the number of modes supported by a fibre is 
the V-number, given by the following equation. 
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For large values of V, the approximate number of supported modes is equal to V2/2.  
The conditions for single mode operation are when the value of V is < 2.405.  Since the 
V-number is wavelength dependant, there is a specific wavelength above which V is 
< 2.405 and this wavelength is referred to as the cut off wavelength.  At wavelengths 
above the cut off the fibre only supports the fundamental propagation mode.  
An optical fibre performance depends on the material quality and the fabrication 
process, with optical losses occurring due to scattering defects, imperfections in the 
core-cladding interface, and the spectral transmissivity of fused silica.  Bending of 
optical fibres is also a cause for radiation loss. When a fibre is bent, part of the mode 
within the fibre core has to travel different distances due to the fibre curvature.  As the 
speed of light is the same however, the mode partly moves into the cladding which has a 
slightly lower refractive index.  Loss in optical power results from such an event 
occurring. 
Additional fibre types along with multimode and single mode fibres include graded 
index fibres in which the core has a refractive index that decreases with increasing 
radial distance from the optical axis of the fibre, and also Highly Birefringent fibres 
which maintain the polarised state of the launched light source along the propagation 
axis of the fibre. 
Single mode fibre has been selected over multi-mode fibre for use in this study.  
Although multi-mode fibre would still work, the increased number of propagating 
modes would generate multiple interference fringe patterns.  Trying to determine which 
pattern would be used for analysis would prove an extremely difficult task. 
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2.4.2. Polarisation and birefringence 
In a single mode optical fibre there are two simultaneous modes of propagation allowed 
through the core which are orthogonally polarised. For an ideal fibre with circular core 
cross section, the two orthogonal modes, HE11
x and HE11
y, will be degenerate and will 
propagate with the same phase velocities.  The phase velocities of the two modes, vfx 
and vfy, are given by (16) 
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Where f is the frequency of the light within the fibre and β is the wave number.  An 
ideal single mode fibre, made from homogenous isotropic material, will exhibit the 
same refractive index n for both propagation modes, resulting in a conserved 
polarisation state.  A non-ideal fibre, resulting from effects such as bend (17), twist 
(18), and anisotropic stress, will behave as a birefringent medium with different 
refractive indices nx and ny, and different phase velocities vfx and vfy.  The corresponding 
axes x and y can be referred to as the fast and the slow axes of the fibre, were the 
difference in refractive indexes of the fast and slow axis determine the fibre 
birefringence 
 
 sf nnB   (2.7) 
 
The fibre birefringence rate is characterized by beat length lb, given by 
 
 
B
lb

  (2.8) 
 
The beat length represents the length of fibre necessary for the phase difference between 
the two orthogonal axes to be 2π.  Figure 2.7 shows the change in the state of 
polarisation over the fibre beat length. 
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Figure 2.7: State of polarisation transformation through a birefringent fibre with a beat 
length lb. 
 
Anisotropic characteristics are observed in crystalline structures, for example, solids 
with atoms arranged in a regular repetitive array, when the lattice is deformed in one 
plane relative to the other.  Their optical properties are not the same in all directions 
within the given sample.  Birefringence is a form of optical anisotropy within a 
material, where the different polarisation states of light propagating through the material 
experience different propagation constants due to changes in refractive index.  
Birefringence of a fibre can be either intrinsic or induced. Intrinsic birefringence is 
introduced to the fibre during the manufacturing process and could be caused by the 
core ellipticity or the cladding eccentricity.  Induced birefringence is a result of external 
forces present of the fibre whilst in use.  These include thermal stress, and mechanical 
bending and twisting.  Induced birefringence can be a popular tool to take advantage of 
for use in fibre optic sensing, however one would like to limit or remove the effects of 
intrinsic birefringence (19). 
A means of controlling the polarisation state of the light propagating through a fibre, by 
removing or limiting the effects of intrinsic birefringence, would be the use of 
polarisation maintaining fibre (20).  This type of fibre is designed to deliberately 
introduce some form of birefringence with the inclusion of stress members into the 
cladding in order to pre-stress the fibre.  The formation of a fast and a slow propagation 
axis in the fibre allows light to be coupled into one particular axis to propagate through 
the fibre.  The propagating light maintains its original polarisation state, even when it is 
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deployed with variable bends and twists.  Polarisation maintaining fibre is more 
commonly known as Highly birefringent or HiBi fibre.  
A further technique used to control the polarisation states within a fibre due to 
birefringence effects is the use of polarisation controllers (21).  These operate by 
purposely bending and twisting the fibre in a certain orientation and thus inducing a 
change in the polarisation at that particular point.  This is a useful technique if the fibre 
is stationary and where temperature affects will be uniform across the full fibre length.  
This is a technique which was utilised for the work carried out in this research, and a 
further explanation of the working principle will be described later in Chapter 4. 
 
2.5. Optical Fibres for Sensing 
It was long realised that the propagation of light through an optical fibre can be affected 
when exposed to changing environmental factors, such as stress and thermal effects.  It 
was also realised that through analysis of the varying signal that the environmental 
change itself could be determined and measured.  Fibre optic sensors are devices in 
which the propagation of light is modulated due to a physical quantity.  This modulated 
light is then processed and used in the determination of the change or value of the 
physical quantity.  
Depending on the measurand of the physical quantity, and how this will affect the 
electric field of the optical signal, fibre optic sensors fall into the following categories, 
intensity measurement, spectral measurement, polarimetric measurement, and phase 
measurement.  By detecting the change of these parameters resulting from the 
interaction between the optical fibre and the measurand, fibre optic sensors can be 
designed to measure a wide variety of physical and chemical parameters such as strain 
(22), temperature (23), humidity (24), rotation (25), acceleration (26), position (27), and 
pressure (28).  Pressure measurements, as a possible application of the interrogation 
system to be designed, are of particular relevance for this research however temperature 
effects on fibres, such as thermal expansion and thermo optic coefficients will also be 
considered. 
As previously stated in section 1.4, optical fibres present a number of attractive features 
which make them a desirable choice for sensing purposes.  The light-weight and small 
size of a fibre makes them an ideal choice to use in compact industrial areas, along with 
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the possibility of being embedded into composite materials as a means of creating smart 
structures.  They also offer the advantage of being immune to electromagnetic 
interference, and, although it has not been utilised within this research, they can be 
multiplexed allowing for many sensors on one single fibre length.  The disadvantages of 
fibre sensing, along with other sensing techniques, include measurement cross-
sensitivity, where a single sensor may have multiple responses to different measurands, 
for example strain and temperature.  The cost of fibre components and the 
instrumentation required compared to conventional methods will also have an effect on 
practical use, however in some instances may be the only option available. 
As well as being categorised depending on the measurement technique used, fibre optic 
sensors fall into two separate subcategories, intrinsic and extrinsic.  Intrinsic sensors 
operate in that the measured physical quantity acts upon the fibre which the light, 
confined within the fibre, is propagating through.  The fibre materials are deliberately 
chosen in order to give sensitivity to the physical parameters.  For extrinsic sensors the 
light exits the fibre, is modulated by the measurand, and is then launched back into the 
fibre.  The performance of an extrinsic sensor is largely independent of the fibre and 
mainly depends on the sensing element. 
 
 
(a) Intrinsic sensor 
 
(b) Extrinsic sensor 
Figure 2.8: (a) Intrinsic fibre sensor (b) Extrinsic fibre sensor. 
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Light propagation characteristics through a fibre that may be used to extract 
measurement information include phase by interferometry, intensity, spectral 
characteristics and polarisation.  There are many texts that describe and review, in 
greater detail than in this thesis, the field of fibre optic sensors (29-31).  The following 
sections describe some basic principles of fibre sensors based on these measurement 
techniques described above, to identify the most promising technology to further 
investigate. 
 
2.5.1. Intensity based sensing 
Fibre optic sensors in which the desired measurand has an effect on the light intensity of 
the propagating light have been demonstrated in both intrinsic and extrinsic form.  Such 
sensor configurations can be used in the measurement of strain (32), temperature (33) 
and pressure (34).  
In the case of pressure measurements, intrinsic intensity based sensors can be clamped 
between two corrugated plates, as shown in Figure 2.9, causing microbends in the fibre 
when subjected to an external force.  These microbends, as a result of this external 
force, induce a loss through mode coupling out of the core, reducing the transmitted 
intensity in proportion with the applied pressure.  Through knowledge of the change in 
intensity for a given force, the pressure exerted on the system could be calculated. 
 
 
Figure 2.9: Intrinsic intensity based pressure sensor. 
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In comparison, extrinsic sensors can be used for absorption measurements and position 
sensing.  Light transmitted through one fibre is then coupled into a secondary fibre, 
after an air gap, where a photo detector records any changes in the signal intensity.  
Signal attenuation due to absorption or scattering of a material within the air gap will 
either increase or decrease depending on the material properties, whilst positional 
measurements due to the alignment of the secondary fibre can be made due to light loss 
through coupling.  This configuration can be used for longitudinal, transverse and 
angular displacement measurements and can in turn be related to many measurements 
by configuring the second fibre to move relative to the first based on the measurand of 
interest. 
Due to the configuration simplicity, requiring just a light source, a sensing fibre and a 
photo-detector, the flexibility, and the fast temporal response, intensity based sensors 
have many advantages and potential applications in pressure sensing.  The disadvantage 
of these sensor types are that the measurement is made solely on intensity, which, due to 
fluctuations in the source itself, may not be accurate.  Intensity fluctuations as a result of 
twists and bends in the fibre, and through signal loss in fibre splices or connectors, are 
indistinguishable from those related to the desired parameter of interest.  This may be 
corrected for with the use of some intensity referencing, however for the purposes of 
this project where temperature effects on connecting fibre leads may influence the 
desired pressure measurements, this approach does not look to provide the required 
measurement accuracy. 
 
2.5.2. Polarisation based sensing 
Polarisation based sensor configurations operate on the principle of monitoring changes 
in the state of polarisation of a birefringent element, whether that be a bulk element such 
as calcite using connecting fibres to lead light to and from the crystal, or an intrinsic 
fibre system with the use of highly birefringent fibre. 
Highly birefringent fibre, as previously mentioned in section 2.4.2, is a polarisation 
maintaining fibre manufactured by either introducing a strain element within the 
cladding of the fibre, or by fabrication of a non-circular core.  This introduces linear 
birefringence along the length of the fibre preventing cross coupling of the two 
orthogonally polarised modes of a light source as they propagate through the fibre at 
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different velocities.  Measurements using polarisation based techniques are possible as 
when an additional stress is applied to the fibre through strain (35), temperature (36), or 
pressure (37), the fibre birefringence will also be altered.  Similarly with that of the 
intensity based sensing technique, a measure of induced pressure can be determined, 
this time through changes in the state of polarisation of light due to an externally 
applied force on the birefringent element. 
 
 
Figure 2.10: Polarisation based pressure sensor. 
 
As shown in Figure 2.10, for polarisation based sensing, typically a narrowband, 
linearly polarised light source is used with highly birefringent fibre which propagates 
equally along both polarisation axes.  An analyser is also a necessity to observe the 
polarisation state of the omitted light from the fibre. Any change in the polarisation state 
from the source will most likely be a result of an applied strain to the fibre causing a 
phase delay between the two polarisation states.  For measurements of pressure, such a 
fibre could be mounted on a deformable diaphragm.  Deformation due to an external 
force will result in a change in the state of polarisation, through which the applied 
pressure could be calculated. 
Although previous accounts of using a polarisation technique for the measurement of 
pressure have been demonstrated, the state of polarisation can change within a fibre 
optic due to bends and twists in the fibre and through exposure to changes in 
temperature and pressure out with the measurement area of interest.  For the purposes of 
this project, in which large lengths of interconnecting fibre will be used due to the 
measurement areas being at widely separate locations and the measurement analysis 
will be carried out at a large distance from the measurement position, a polarisation 
technique would not be suitable as it would be a difficult task to distinguish whether a 
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change in polarisation state is the result of the length change of interest or whether 
addition factors are the cause of such changes. 
 
2.5.3. Fibre Bragg Grating sensors 
A Fibre Bragg Grating (FBG) is a section of optical fibre in which a periodic refractive 
index structure has been inscribed into the core to induce coupling between the forward 
propagating (LP01) and backward propagating (-LP01) core modes. 
 
 
Figure 2.11: Forward and Backward propagating core modes of a FBG. 
 
The discovery of optical Bragg grating was documented in 1985 by Hill (38), when it 
was found that counter propagating waves from a argon-ion laser produced a standing 
wave interference pattern inside an optical fibre.  This interference pattern resulted in a 
periodic perturbation of the fibre refractive index.  The periodic refractive index 
structures within the fibre core provide a means of wavelength encoded sensing, as 
FBG’s can be used to form spectral sensing based on the modulation, by some external 
measurand, of the transmitted or reflected spectrum in the wavelength domain. 
There are a variety of proposed configurations for the fabrication for FBG’s, however 
they generally fall into either a bulk optic interferometric configuration (39), or a 
technique involving the use of a phase mask (40).  Each method involves the exposure 
of an optical fibre to an ultra violet (UV) light source, usually in the 240-250 nm band.  
This is the optimum wavelength for photosensitivity in standard germanium-doped 
fibres with the refractive index change generated in fibres at these wavelengths 
connected with the absorption band of defects in germanosilicate glass (41).  The 
amount of the change depends on the intensity and duration of the exposure as well as 
29 
 
the photosensitivity of the fibre.  The photosensitivity of standard optical fibre can be 
increased by hydrogen loading of the fibre prior to exposure (42). 
The interferometric configuration of FGB inscription, as shown in Figure 2.12, involves 
the splitting and recombining of the UV source.  A beam splitter is used to split the 
source radiation equally between the two mirrors which direct the beams such that 
interference fringes are produced during recombination.  When the fibre is placed in the 
path of the interference pattern, a periodic refractive index is inscribed in the fibre core.  
The fringe spacing of the resultant interference pattern and hence the pitch of the grating 
is dependent on the angle θ between the two beams, allowing different gratings to be 
produced using the same light source, simply by altering the angle θ. 
 
 
Figure 2.12: Interferometric fabrication of FBG’s. 
 
The alternative technique of fabricating FBG’s with the use of a phase mask is shown in 
Figure 2.13.  A phase mask is a diffractive element which, when a UV source is passed 
through it, causes the diffracted beams to interfere to produce the required interference 
pattern.  The use of a phase mask has the advantage that the pitch of the grating is 
dependent entirely on the pitch of the phase mask and independent of the laser 
wavelength.  This therefore requires a different phase mask for each grating pitch 
however some tuning of the pitch level is possible through straining of the FBG during 
fabrication. 
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Figure 2.13: Phase mask fabrication of FBG’s. 
 
A third technique that is occasionally used for FBG fabrication is a point-by-point 
technique (43).  This process however is slow and changes in fibre temperature and 
strain can lead to unwanted FBG structure.  This approach is normally used when 
alternative fabrication methods are difficult to carry out. 
The refractive index profile acts as a series of stacked Fresnel reflectors with 
characteristics that are reflective only for a narrow band of wavelengths, centred around 
the Bragg wavelength λB, which is dependent on the effective index of the fibre and the 
grating spacing.  The Bragg wavelength represents the mode coupling condition 
between the forward and backward propagating modes, as described above, and is given 
by (44) 
 
  nB 2  (2.9) 
 
Where n is the effective refractive index of the core and Λ is the grating pitch.  The 
Bragg wavelength may be measured in either reflection, by observing the reflected 
narrow band peak, or in transmission, by observing the dip in the transmitted spectrum.  
Figure 2.14 shows the operation of a FBG when illuminated by a broadband light 
source. 
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Figure 2.14: FBG illuminated with a broadband light source. 
 
The grating period is a function of strain, temperature, and pressure, and hence when 
subjected to such parameters causes the Bragg wavelength to shift.  For an applied 
longitudinal strain Δε, the shift in wavelength is due to the photoelestic coefficient  , 
of the fibre and is given by (44) 
 
      1BB  (2.10) 
 
The response is mainly due to the change in the physical length of the fibre, allowing 
FBG’s to be embedded into structures for internal strain measurements (45). 
The temperature response of a FBG is a result of the thermal expansion coefficient, 
TLT  / , and the thermo-optic coefficient, TnT  /  of the fibre.  For a 
temperature change T  the corresponding wavelength shift is given by 
 
 T
n
T
TBB 







  (2.11) 
 
 
 
32 
 
Finally, pressure measurements can be made, with the response of a pressure change 
P , given by 
 
 P
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The shift in the Bragg wavelength as a result of a changing pressure is due to both a 
change in the effective refractive index of the core and from a change in the physical 
fibre length.  FBG have been shown to reach pressure sensitivities of 48 pm/kPa (46). 
Although highly sensitive FBG are achievable, it would still prove difficult for 
determination of the research required differential pressure measurements of 1 Pa.  
Using the technique employed by the authors of (46), in which an optical spectrum 
analyser (OSA) is used to monitor the Bragg reflection from a FBG illuminated with a 
broadband light source, similar to that shown in Figure 2.14, a wavelength resolution of 
the OSA in the order of 0.048 pm would be required in order to monitor changes in 
pressure of 1 Pa.  As will be discussed in the follow paragraphs, many OSA’s will only 
achieve wavelength resolutions down to 10 pm, making the use of FBG unsuitable for 
the purposes of this research due to the pressure to be measured. 
From equations 2.10-2.12 it is shown that induced strain, temperature and pressure, 
when applied to a FBG, is measureable.  Configurations capable of measuring an 
applied strain, temperature change, and pressure change have been demonstrated (47-
49). 
In the case of pressure measurements with the use of FBG’s, many sensors are designed 
to amplify the pressure measurement indirectly by sensing the strain instead.  Such 
measurements can be achieved through via mounting of the FBG to a flexible 
diaphragm either orthogonally, or in the diaphragm plane where the stress is maximal.  
Another approach consists of mounting the FBG sensor in cylindrical assemblies so that 
increased pressure sensitivity is achieved though mechanical amplification schemes. 
Many designs are proposed in the literature with variations in coatings and assembly 
(50). 
As previously stated, the Bragg wavelength, or change in Bragg wavelength, can be 
found by measuring the spectral reflection or transmission.  As shown in Figure 2.14, 
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this can be done using a broadband source and a tuneable filter (51).  The reflected light 
is passed through the tuneable filter and the transmitted intensity is recorded as the filter 
in scanned.  The reflection spectra of the FBG can then be determined from the 
wavelength tuning response of the filter. 
An alternative method to using a tuneable filter would be to monitor the reflection or 
transmission spectra with an OSA.  OSA’s can be divided into three categories: 
diffraction grating based, and two interferometer based architectures, the Fabry-Perot 
and the Michelson. 
The Fabry-Perot interferometric method consists of two highly reflective, parallel 
mirrors that act as a resonant cavity which filters the incoming light.  The wavelength is 
tuned by changing the mirror spacing by a very small amount.  This form of OSA has 
the advantage of having a very narrow spectral resolution, however suffers from the 
major disadvantage of having a small wavelength range.  At any one position multiple 
wavelengths can be passed by the filter, the spacing between which is termed the free 
spectral range. 
The Michelson interferometer based OSA creates an interference pattern through the 
separation of the input signal into two separate paths and the subsequent recombination 
of these.  The split beams are reflected back along the same paths via two mirrors, one 
fixed the other moveable.  As a result of the different path lengths the beams create 
sequentially constructive and destructive interference.  The waveform is the 
autocorrelation function of the input signal enabling direct measurements of the 
coherence length as well as accurate wavelength measurements.  The output electrical 
signal is mathematically analysed using fast Fourier transform algorithms to reveal the 
input signal in a wavelength range. 
The third type of OSA uses monochromators as the tunable optical filter.  A diffraction 
grating within the monochromator separates the different wavelengths of light, similar 
to the effect achieved with a prism.  In this case, however, it is a diffraction 
phenomenon as oppose to a dispersion phenomenon.  A diffraction grating, constructed 
of extremely narrowly spaced grooves, provides greater separation of wavelengths 
allowing for better resolution than would be achieved with the use of a prism.  Light 
incident on the grating will reflect in a number of directions. 
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The operation of a diffraction grating based OSA is illustrated in Figure 2.15.  As the 
diffraction grating rotates, the instrument sweeps through a range of wavelengths 
allowing the particular wavelength of diffracted light, dependant on the grating position, 
to pass through the aperture.  This technique covers a wide wavelength range with a 
typical OSA coverage from 600 to 1700 nm, with resolutions of 0.01 nm. 
 
 
Figure 2.15: Single monochromator, diffraction grating based OSA. 
 
Diffraction grating based OSA’s contain either a single monochromator, as shown in 
Figure 2.15, or a double monochromator, in which two diffraction grating are 
employed. 
FBG sensors have been shown to obtain high bandwidth measurements with high 
resolution and sensitivity, and have been demonstrated for the measurement of 
differential pressures (52).  In the case of this text, the authors use two cylindrical 
cavities, separated by a deformable diaphragm, in which a change in pressure entering 
the cavities through separate inlets acts on the diaphragm creating a measureable strain 
on the encapsulated FBG.  Through monitoring changes in the corresponding Bragg 
wavelength via an OSA, the differential pressure between the two inlets can be 
determined, along with verification as to the cavity experiencing the greatest pressure.  
Although a valuable technique for differential measurements, this approach suffers due 
to the need of tubes in order to carry the two measurable pressures from the 
measurement locations, when separated by large distances, to the cylindrical cavities.  
Twists and bends in such tubes, or changes in the surrounding environment may result 
in changes to the pressures to be determined. 
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FBG’s suffer from the disadvantage of cross sensitivity between strain, temperature and 
pressure.  To obtain accurate measurements of one of the parameters it is necessary to 
compensate for the others.  This can be achieved to some degree with the use of two 
FBG’s centred at different wavelengths.  The response of one parameter at one 
wavelength will be much greater than the secondary parameter, and vice versa at the 
other wavelength.  This however is still a limited approach and when dealing with large 
temperature drifts and large separation between measurement points, any thermal 
gradients between the fibres will reduce the effectiveness.  As will be discussed in the 
following chapters, the design of the differential sensing system for this research will be 
composed of optical fibre with insensitive downleads between the two measurement 
locations, and as such, temperature variations in the surrounding fibre environment 
should not have an effect on the measurand.  Although temperature monitoring at the 
measurement locations is out with the scope of this research it is still important to 
consider the temperature difference between measurement locations during the design 
stage of the sensor heads, due to the thermal expansion of materials.  Further details of 
this will be provided in Chapter 6. 
 
2.5.4. Interferometric sensors 
Interferometry, a technique used for determining various physical parameters by 
observing the change in interference of two light beams,  has become a common 
technique for making high precision measurements down to fractions of light 
wavelengths.  A fibre optic interferometer uses the interference between two beams that 
has propagated through different optical paths or through two different fibres, making 
the principle component in many fibre optic interferometric configurations a beam 
splitter and combiner.  The transduction mechanism relies upon the change in path 
length of one of the interferometer arms with respect to the other, and therefore requires 
that one of the optical paths be arranged to be affected by an external measurand.  The 
change in the optical path length can be as a result of a physical length change of the 
fibre, or through a change in the refractive index.  Since interferometers provide 
temporal and spectral information, the measurement of interest can be determined 
through a change in phase, intensity, wavelength, or polarisation. 
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The four main optical fibre interferometers are the Fabry-Perot, the Michelson, the 
Mach-Zehnder, and the Sagnac, each with a slightly varying sensing technique.  
Figure 2.16 shows the fibre optic configurations of these interferometers. 
 
   
(a)      (b) 
        
(c)      (d) 
Figure 2.16: (a) Fabry-Perot interferometer (b) Michelson interferometer (c) Mach-
Zehnder interferometer (d) Sagnac interferometer 
 
Optical fibre interferometers have been used for the measurement of strain, temperature, 
pressure, displacement and acceleration.  These sensors can operate either intrinsically 
or extrinsically depending on whether the optical path length change is within or out 
with the optical fibre, and can be use with both low and high coherent light sources.  
There have been many reviews on optical interferometric sensors (31, 53, 54), and a 
more detailed explanation of the chosen interferometer transfer function will be 
provided in Chapter 3, however a brief description on the different configurations is 
provided below.  
Mach-Zehnder interferometers, as shown in Figure 2.16, consist of two independent 
arms, a reference and a sensing arm.  By using two fibre couplers, the incident light is 
split between the two arms and then recombined, with any differences in the optical 
path length of the two arms resulting in the observation of interference fringes.  For 
37 
 
sensing applications the reference arm of the interferometer is kept isolated from the 
sensing arm, and in a controlled environment, to ensure that only external effects, such 
as strain (55, 56), temperature (57, 58), and pressure (59, 60), contribute to the changing 
optical path length.  This optical path length change and hence the measurand change 
can be easily detected by analysis of the interference signal. 
Michelson interferometers are one of the simplest interferometric arrangements 
available however are by no means the least important.  Michelson interferometers have 
the advantage over Mach-Zehnder interferometers of double the sensitivity.  The 
arrangement can however be less efficient due to a portion of the reflected signal 
travelling back towards the source.  Precautions can be taken to prevent damage to the 
source with the use of optical isolators or careful alignment.  As shown in Figure 2.16, 
the basics of a Michelson interferometer are very similar to that of a Mach-Zehnder, in 
that it comprises again of a reference and a sensing arm.  After splitting of the initial 
signal into the two arms however, the recombination occurs via the same coupler once 
the beams are reflected via the fibre end, thus propagating through each arm twice.  
Reflections via the fibre end can be as a result of Fresnel reflections (4% of the incident 
signal), or by coating the fibre end with a reflective surface to increase the signal 
intensity.  Similarly to the Mach-Zehnder interferometer, the change in optical path 
length comes from keeping one arm of the interferometer in a stable environment whilst 
exposing the second arm to an external measurand.  Michelson interferometers are 
capable of generating measurements of strain (61, 62), temperature (63, 64), and 
displacement (65, 66). 
The Sagnac interferometer is slightly different from the Mach-Zehnder and Michelson 
interferometers, consisting of a fibre loop along which two beams propagate in counter 
directions.  The optical path difference, created by rotating the system, responds to 
angular velocity, therefore by rotating the system with a given velocity, the path length 
in one direction will be altered with respect to the other.  Sagnac interferometers are 
commonly used in gyroscopes (67), however they have been demonstrated for use of 
pressure sensing (68) and strain measurements (69). 
Both Mach-Zehnder and Michelson interferometers, due to the sensitivity of 
environmental effects over the full lengths of the interferometer arms, are ideally suited 
for the measurement of strain and temperature however these interferometer 
configurations are not best suited for point measurements.  Local measurements can be 
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made by defining a specific region within one arm of the interferometer which will be 
subjected to the measurand however sensitivity in the fibre downleads due to 
temperature and pressure effects creates a disadvantage using such an interferometric 
arrangement for remote operation where a long downlead is required.  Fabry-Perot 
based sensors offer the possibility of making localised measurements with very low 
downlead sensitivity.  This is achieved by the formation of a cavity on a fibre end 
resulting in both the reference and sensing beams propagating through a common path 
in the fibre. 
A Fabry-Perot interferometer (or etalon) is generally fabricated by the formation of a 
cavity composed of two parallel reflective surfaces.  The measurement of the optical 
path length difference comes from the interference obtained due to the multiple 
superpositions of both the reflected and transmitted beams at the reflective surfaces as 
shown in Figure 2.17. 
 
 
Figure 2.17: Optical fibre Fabry-Perot cavity. 
 
Fabry-Perot interferometers can either be extrinsic (70) or intrinsic (71). Extrinsic 
cavities are usually formed using the reflections from the end face of the downlead 
fibre, and a secondary reflecting surface.  One method for generating the secondary 
reflection is the use an additional fibre aligned to the first.  The two fibres are held using 
a hollow tube of usually glass or silica, as shown in Figure 2.18, with a air gap 
separation forming the Fabry-Perot etalon (72). 
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Figure 2.18: Arrangement of a Fabry-Perot cavity formed using two optical fibres. 
 
An alternative configuration for the fabrication of the Fabry-Perot cavity would be with 
the use of a deformable diaphragm, illustrated in Figure 2.19, with a reflective surface 
as the secondary reflection (73).  Changes in the optical path length (OPL) due to 
deformation of the diaphragm with applied pressure will result in changes in 
interference. 
 
Figure 2.19: Arrangement of a Fabry-Perot cavity formed using an optical fibre and a 
deformable diaphragm. 
 
The disadvantage of using an extrinsic form of this interferometer is the potential for 
low coupling efficiency, which therefore requires careful and accurate alignment of the 
second reflective surface.  Intrinsic forms of this interferometer have reflecting 
components within the fibre, for example in fibre mirrors (74), and as a result, the 
cavity length can be increased without loss due to the cavity being defined within the 
fibre core. 
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Fabry-Perot sensors have been fabricated for the measurement of pressure (75-77) and 
have been demonstrated in applications such as turbomachinery (78) and down-hole 
applications (79). 
Fabry-Perot interferometric sensors provide high sensitivity, localised measurements, 
and with the formation of a cavity formed on the end of an optical fibre, allow for small 
measurement volumes. The insensitivity of the system to environmental effects acting 
on the downlead fibre make this sensor configuration suitable for carrying out the 
required measurements for tackling the problem set by this project. 
 
2.5.5. Low coherence interferometry 
Basic interferometry with the use of a monochromatic light source has the disadvantage 
in that the system is only able to monitor continuous changes by summing of the total 
number of phase changes observed from a nominal start position.  For a rapid change of 
path length in excess of the data capture rate a loss in the reference will occur and 
therefore invalidate the signal.  Such a system also suffers from the inability to 
determine the direction of motion, unless further monitoring is implemented.  To 
increase the range of unambiguous phase measurements, a source with multiple 
frequencies can be used.  Typically sources with a broad spectral bandwidth and a short 
coherence length are used, terming the use as low coherence interferometry. 
Low coherence interferometry is a technique which was first demonstrated in 1976 as a 
possible transmission scheme for the use in optical communications.  Fibre optic low 
coherence, or white light, interferometry has become an important technique in the 
measurement of displacement, offering measurement accuracy which is virtually 
insensitive to power fluctuations occurring along fibre lengths of an interrogation 
system.  In 1984, Bosselmann and Ulrich, demonstrated a displacement sensor based on 
fibre optic low coherence interferometry with a resolution of 1 in 104 (80).  Further 
reviews into the applications of low coherence interferometry have been carried out in 
the following texts (81, 82).  
Low-coherence interferometry has been successfully developed for optical coherence 
tomography (OCT), a technique commonly used to provide cross-sectional images of 
biological tissues, for example, retinal nerve fiber (83). 
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In the case of a Fabry-Perot interferometer, when the cavity is illuminated with a 
broadband source having a short coherence length, constructive and destructive 
interference is observed for those wavelengths which are at half odd and even multiples 
of the cavity length respectively.  In order to observe these interference fringes, an OSA 
operating using a diffraction grating arrangement is used.  As described in section 2.5.3, 
this device separates the individual wavelengths using a monochromator and allows for 
the interference fringes to be observed.  Figure 2.20 shows a typical interferogram of a 
Fabry-Perot cavity illuminated with a broadband source. 
 
 
Figure 2.20: Interferogram, recorded using an Advantest OSA model Q8384, from a 
Fabry-Perot cavity illuminated with a broadband light source. 
 
There are a number of interrogation techniques available as a means of determining the 
cavity length.  Such techniques include FSR analysis whereby the fringe separation is 
used in determining the cavity length (84).  Using the following equation, the cavity 
length, d, is found by taking the wavelength measurement of two adjacent fringe peaks, 
λ1 and λ2. 
 
 12
21
2 
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n
d  (2.13) 
 
Where n is the refractive index of the medium within the cavity. 
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A further technique would be to calculate the Fast Fourier Transform (FFT) of the 
interferogram to derive the carrier frequency to determine the cavity length (85).  This 
technique has the advantage over the FSR method of using the full interferogram as 
oppose to individual points of two adjacent fringes. 
Low coherence interferometry has been demonstrated using Fabry-Perot interferometers 
for the measurements of absolute distance and displacement (27, 86, 87).  Making 
differential length measurements at two separate locations using this technique can be 
made by simply measuring the absolute lengths of the two independent Fabry-Perot 
cavities and calculating the difference between them.  This however would therefore 
require two separate interrogation methods running simultaneously in order to 
accurately measure the two lengths at the same time as not to record the measurement of 
one cavity length at a different time to the other and calculate an incorrect differential.  
The overall measurement would also be dependent on the individual measurement 
accuracy and resolution of each of the interrogation systems for the two arms which 
poses a challenge if large length changes are introduced. 
A method to avoid the need of making two individual measurements of length and 
determining the difference would be to arrange the two Fabry-Perot cavities in tandem 
connected via couplers or circulators and simply observe the differential length of the 
two.  This configuration creates a common path for the propagating light to travel such 
that the offset of the two cavities generates an optical path, which is the measurement of 
interest.  Combining this with a secondary scanning reference interferometer provides a 
means of obtaining the optical path length and in doing so generates a low coherence 
tandem interferometer.  The optical arrangement for such a system will be discussed in 
Chapter 4. 
 
2.5.6. Tandem interferometry 
Tandem interferometry describes a system in which two interferometers are connected 
such that a light source will propagate through one interferometer and then through the 
secondary interferometer as shown in Figure 2.21.  The arrangement of the two 
interferometers is such that interference fringes will only be observed when the 
interferometers path lengths are matched to within the coherence length of the source, 
L0-L1=L2-L3 from Figure 2.21.  One of the interferometers is used as the sensing 
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element, whilst the second interferometer is used as the reference and is normally 
scanned in some form which controls the optical path length.  The two interferometers 
should be kept separate, with the reference interferometer kept within a controlled 
environment to avoid path length changes due to temperature and pressure changes. 
 
 
Figure 2.21: Tandem interferometer arrangement using bulk optics. 
 
Typically these systems use a broadband light source with a short coherence length. 
When the path length difference of the two interferometers is large, there is no variation 
in the signal intensity at the system output when monitored via a detector.  The signal 
intensity increases as the path length difference becomes smaller, reaching maximum 
intensity when the path lengths are equal.  As the optical path length of the scanning 
interferometer passes through zero, a further set of interference fringes can be observed.  
Figure 2.22 shows modelled interference fringes of a tandem interferometer as the 
reference interferometer is scanned using a broadband light source centred at 1550 nm 
with a spectral width of 263.93 nm, corresponding to a coherence length of 6.20 μm. 
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Figure 2.22: Modelled interference fringes from a tandem interferometer arrangement 
resulting from matched OPL’s referring to Figure 2.21.  The interference fringes 
illustrated would be as a result of a broadband light source centred at 1550 nm with a 
spectral width of 263.93 nm.  This corresponds to a coherence length of 6.20 μm. 
 
The typical operation functions of tandem interferometers will be discussed in 
Chapter 3, however what is to follow is a review of this technique. 
Tandem interferometry is a technique that has been demonstrated of used in the 
measurement of strain (88), temperature (89), and group refractive index and dispersion 
of optical samples (90, 91).  One of the main applications to this form of interferometry 
however is for displacement measurements, either in the form of gap measurements or 
thickness measurements. 
In 1972 P.A. Flournoy, et al, demonstrated a technique for the measurement of film 
thicknesses over a range of 2.5-500 µm using white light interferometry in a bulk 
optical arrangement (92).  Using a Michelson interferometer composed of a beam 
splitter and two mirrors, interference fringes are observed when the optical path length 
of the two Michelson arms are equal to zero.  When using the reflected light from the 
two surfaces of a thin film sample to feed into this interferometer, white light fringes are 
seen in addition to the zero-order fringes whenever the path difference of the Michelson, 
introduced by scanning one of the mirrors, is nearly equal to the retardation introduced 
between the reflected rays from the sample.  If the scanning mirror is moved at a 
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constant linear velocity, the path difference becomes a linear function of time and 
therefore the time interval between the zero order fringes and the side interference 
fringes, if the refractive index is known, can indicate the film thickness.  This is a 
technique which could be utilised for the length measurement of a Fabry-Perot cavity, 
or in the case of this research, the differential length between two Fabry-Perot cavities. 
This method of determining material thickness has since been demonstrated for 
measurements of liquid crystal display cell gaps (93), SiO2/Si film thicknesses (94), and 
biological sample thicknesses (95) in the micro meter range.  Developing this technique 
and introducing convolution and correlation signal processing algorithms, has led to 
measurements in the nanometer scale with resolutions in the region of 10 nm (96).  
Low coherence tandem interferometry has become a useful technique for the remote 
length measurements when combined with fibre optics.  A. Hirai and H. Matsumoto 
demonstrated that the length of a 50 mm gauge block could be made with a standard 
deviation of 0.12 µm, with a separation of 3 km between the reference and the sensing 
interferometers (97).  By coupling low coherent light into a single mode optical fibre 
once it has propagated through a bulk optic scanning Michelson, the fibre can then be 
used to emit this light on to a measurement bulk optic Michelson interferometer 3 km 
away.  This was further expanded using a fibre length between the two interferometers 
of 20 km (98).  In this instance, remote length measurements of a gauge block were 
achieved with losses in the 20 km fibre kept low at 7.60 dB.  This demonstrates that 
with the use of optical fibre, length measurements are capable even at large separations 
with low signal loss.  This is of particular interest for this thesis as the distance between 
differential measurement points could possibly be up to tens of meters apart.  Further 
reports have been made in which optical fibres have played a role in the delivery or 
collection of light between interferometers in a tandem configuration. 
Demonstrations have been made for the measurement of single gap thicknesses and 
although it is possible to measure the individual length at two positions using separate 
arrangements and from them determine the differential, it may not be possible to do this 
using only one tandem arrangement.  The gap lengths may therefore not be measured 
simultaneously resulting in an inaccurate differential measurement.  For the case of this 
project, a multiple measurement from a single tandem arrangement would be required.  
S. H. Lu, et al, report a technique based on the previously mentioned demonstrations 
using a scanning Michelson interferometer and bulk optic arrangement, that is capable 
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of measuring multiple sample thicknesses without the need to change the sample 
position each time (99).  The technique, which involves the use of multiple beam 
splitters to separate the light into several beams directed onto individual samples 
constructed using microscope slides, has the potential of measuring the individual 
lengths of two gap thicknesses simultaneously, or separately with the use of shutters 
along the beam path. 
This proposed technique could have a potential use in the design requirements for the 
research carried out in this thesis.  With the substitution of a deformable diaphragm as 
one of the reflective surfaces of the gap to be measured, a change in the calculated 
thickness from the initial could be used to determine the external pressure exerted on the 
diaphragm having knowledge of the deformation characteristics.  The bulk optical 
arrangement could also be replaced with a fibre optic version to allow for a more 
flexible system, through which, measurements at largely separated locations could be 
made.  The authors of (99) demonstrate single gap thickness measurements from 
132 μm to 152 μm, measuring at intervals of 5 μm with the use of a motorised stage, 
recording a best-fit line of 0.9984.  Although there are no recorded experimental data 
provided for the measurements of dual gap thicknesses, it does demonstrate that such a 
technique of a tandem arrangement and separate scanning interferometer can be utilised 
in such a way that could prove useful for the goals of this research. 
Whilst the above method allows for measurement of gap thicknesses at two individual 
points, it does however suffer from the set back that if the two gap lengths are within 
the coherence length of the light source to each other, the interference fringes that 
would result from these individual path lengths matching that of the scanning 
interferometer would overlap and be indistinguishable.  In order to accurately determine 
the gap length from the associated fringe packet, the lengths would have to differ by 
greater than the light source coherence length.  This, in the case of measuring the length 
of a fibre optic Fabry-Perot cavity, could result in significant coupling losses for larger 
cavity lengths.  The reference interferometer scanning range must also be large in order 
to cover the full cavity length range. 
By utilising the techniques of tandem interferometry used for measurements of gap 
thicknesses, it is possible to construct an all fibre optic arrangement which uses a 
scanning Michelson interferometer connected to two Fabry-Perot cavities arranged in 
tandem, to measure the differential length of the two.  Such a method, in which the 
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propagating light within the fibres follows a common path, does not depend on the 
individual cavity lengths, however simply observes the difference between the two. 
 
2.6. Discussion 
As has been reviewed throughout this chapter, there are many different techniques 
which can be deployed for the measurements of pressure, or length with the view of 
being converted into a pressure measurement.  Each of these methods has its advantages 
and disadvantages, thus paving the way for the development of a differential pressure 
measurement approach which differs from the previously demonstrated techniques as a 
means of achieving the goals and guide specifications of this research. 
There are many readily available commercial pressure sensors on the market capable of 
measuring both absolute and differential pressures.  Operating through the use of 
piezoresistive effects, some commercial sensors have been fabricated to operate up to 
high pressures (ranging from 3.4 kPa to 68.9 MPa), with a measurement accuracy of 
0.1% to 0.2% of the full scale (5).  Due to the presence of high background pressures up 
to 100 kPa, and a requirement to measure differential pressures at 1 Pa, these sensors 
become insufficient.  These sensors also suffer in the measurement location being away 
from the point of interest.  Long tubing is required to carry the pressure from the point 
of interest to the sensor head, during which time external factors acting on the tubing 
from environmental changes may result in inaccurate measurements. 
Commercially available fibre optic sensors (6) can be used in order to obtain pressure 
measurements at the point of interest, however as with the piezoresistive sensors, they 
suffer from below par measurement resolutions for the design goals of this research.  It 
is apparent however that due to the capability of localised measurements, optical fibre 
sensors are the best approach.  Fibre optics also provide flexibility and insignificant 
signal loss over large distances which may not be achievable through a bulk optic 
approach.   
Many optical fibre sensors have been demonstrated for the measurement of pressure or 
length, some of which have been reviewed within this chapter.  There consists many 
variations and techniques which can be used as a means of determining a measurand.  
One of the most common fibre based sensor is the FBG, shown to measure such 
parameters as strain and temperature, along with pressure measurements.  Such a 
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technique monitors the shift in Bragg reflection when the grating experiences an 
external force.  FBG’s with pressure sensitivities of 48 pm/kPa have been demonstrated 
(46).  This sensitivity range however is unfortunately insufficient for pressure 
measurements down to 1 Pa as in most cases the wavelength shift is monitored via an 
OSA which typically has a wavelength resolution down to 0.01 nm, greater than the 
wavelength change for such small pressures.  FBG’s have also been used in differential 
pressure measurements demonstrating pressure sensitivities of 821.87 nm/MPa (52), 
however the same problem of monitoring the wavelength shift of the Bragg reflection at 
low pressures persists. 
Other fibre optical sensors have been demonstrated using interferometric techniques 
whereby changes in the interference pattern of a light source can be analysed to 
calculate changes in optical length.  Through the characterisation of a deformable 
diaphragm such length changes could be converted into a pressure measurement. 
One of the most common techniques for the determination of a length measurement is 
low coherence interferometry.  This particular method involves the use of a broadband 
light source.  In some of these instances a tandem arrangement of two or more 
interferometers are used whereby the measurement, by one interferometer, is made 
through an induced change in a secondary interferometer.  Demonstrations have been 
shown that through a combination of a Fabry-Perot cavity and a scanning Michelson 
interferometer, length measurements are possible with resolutions in the region of 
10 nm (96).  This particular approach was found using a bulk optical arrangement for 
the measurement of a single gap length.  Further demonstrations have gone on to show 
how multiple length measurements can be made using a similar arrangement, again 
utilising bulk optical components (99).  As would be the case of these two methods, in 
order to obtain a differential measurement, the difference would have to be taken 
between two separate measurements individually taken. 
As a means of achieving the goals of this research, an optical arrangement is to be 
developed incorporating similar techniques previously used in which a differential 
measurement is to be found through the measurement of one single parameter.  Such a 
system would also be insensitive to environmental changes of the surrounding optical 
fibres used to carry light to and from the measurement locations of interest. 
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2.7. Conclusion 
In this chapter a brief introduction to pressure was introduced, along with current 
conventional techniques for the measurements of pressure and length being reviewed 
and the limitations of such components discussed.  These limitations have lead on to the 
possibility of using optical fibre sensors as a means of determining such measurements. 
Different measurement methods which involve the use of optical fibre sensors, such as 
intensity based sensing, FBG’s, and interferometric sensing, have been reviewed, 
discussing the benefits of each and the areas in which these have the greatest success, 
and the limitations or setbacks involved for the measurement of pressure and length. 
From this review it was decided that for the purposes and goals of this thesis, that an 
interferometric sensing configuration based on low coherence interferometry, should 
provide a solution for the differential measurement of two Fabry-Perot cavities, 
arranged in tandem, whilst being separated by up to tens of meters. 
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Chapter 3: Theory 
 
3.1. Introduction 
The review in Chapter 2 suggests low coherence tandem interferometry as a potential 
solution to the problem detailed in Chapter 1 for the measurement of a differential 
pressure through the determination of a differential length.  Such an arrangement 
incorporates two Fabry-Perot cavities, from which the differential length will be 
determined.  These are arranged in tandem and connected to a scanning reference 
Michelson interferometer. 
Low coherence interferometry will be used as a means of determining the differential 
length of the two sensor cavities.  Along with this, a DFB laser source will also be used 
as a reference measurement of the optical path length within the Michelson 
interferometer. 
This chapter provides a review of the theory of the optical properties of interferometry 
beginning by taking into consideration the individual optical properties of the 
Michelson interferometer and the Fabry-Perot cavities, and then discussing the 
properties of a tandem configuration of these.  This understanding is important in order 
to develop a suitable interrogation and analysis technique.  The characteristics of both 
high and low coherent light sources will be discussed, and how the resultant 
interference patterns from the interactions with such an arrangement are achieved and 
can be used in determining the desired length measurement. 
A suitable interrogation technique that can be implemented on the interference patterns 
in order to provide analysis of the fringes is described, along with the theory behind this 
technique and the reasons why it was selected as a suitable method will also be 
discussed. 
The final sections of this chapter will tie together the important theoretical aspects of 
optical interferometry that have been reviewed and the described analysis techniques, 
leading on to investigations of the characteristics of piezoelectric materials as a process 
of inducing an optical length change within an optical fibre due to piezo material 
expansion properties with applied voltage. 
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3.2. Michelson Interferometer 
Interferometry is a technique used to investigate optical phenomena through the creation 
of interference patterns with transverse waves of light.  When two waves of same 
wavelength and amplitude travel through the same medium, their amplitudes combine, 
resulting in the formation of a wave of greater or less amplitude than the original.  
Traditionally, interferometry is used for the measurement of length, whether that is a 
physical length or an optical length due to the change in refractive index of a medium. 
There are many different interferometers available depending upon the circumstances in 
which it is to be used.  All interferometers, in one shape or form, involve the separation, 
and recombination of a light source between two or more paths.  The separate paths, 
depending on the form of splitter and reflective component, give rise to the formation of 
interference fringes when the paths differ in optical length.  From these resultant 
interference fringes, occurring when the OPL changes, measurements in terms of the 
wavelength of the light used can be directly determined. 
The Michelson interferometer, invented in 1881 by Albert Michelson as a means to 
measure a standard meter in units of the wavelength of the red line of the cadmium 
spectrum (1), is perhaps the simplest example of an amplitude splitting interferometer.  
Figure 3.1 shows the simplified diagram of a Michelson interferometer using bulk 
optical components.  This interferometer, used in 1887 in the famous Michelson- 
Morley experiment (2), demonstrated the non-existence of an electromagnetic wave 
carrying ether, thus paving the way for the Special theory of Relativity. 
 
 
Figure 3.1: Bulk optic Michelson interferometer. 
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Consider light leaving from the source and falling on the beam splitter, orientated at a 
45° angle to the direction of travel.  The beam splitter comprises of a partially reflective 
surface causing the light to be separated, usually half transmitted, half reflected, 
between the two different light paths through which it then propagates.  The partially 
transmitted beam travels length d1 before being redirected back to the beam splitter, 
along the same path, by reflective mirror M1.  The partially reflected light beam via the 
beam splitter propagates along path d2 to mirror M2, from where it is reflected, again 
along the direction of incidence, back to the beam splitter. 
From Figure 3.1, where bulk optics are used to construct the Michelson interferometer, 
it can be seen that the partially reflective surface of the rectangular shaped beam splitter 
is on the rear side, and as such, light undergoing the reflection via mirror M2 will pass 
through the beam splitter three times, compared to the light undergoing the reflection 
via mirror M1, which will only pass through the splitter once.  The OPL through the 
beam splitter, dependent on the glass refractive index, will therefore alter the OPL 
difference of the two propagating beams.  It is due to this geometry that a compensation 
plate of the same material, or material with the same refractive index, and thickness as 
that of the beam splitter is inserted into the path between the beam splitter and reflective 
mirror M1. 
This is not always the case, and in most circumstances a compensation plate in not 
necessary for a bulk optical Michelson interferometer arrangement.  This is due to the 
use of a beam splitter cube, as oppose to a plate.  The geometrical arrangement of a 
beam splitter cube permits for equal travel within the cube material of both propagating 
beams from the beam splitter to the corresponding mirror and therefore renders the 
compensation plate unnecessary. 
Having travelled along their respective path lengths within the system, the two 
propagating light beams recombine at the beam splitter resulting in an interference 
pattern which can be observed via the projection screen.  It is because of the coherent 
waves, derived from the same point source that the interference pattern produced is of a 
circular fashion, as shown in Figure 3.2, similar to those of Newton’s rings. 
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Figure 3.2: Circular interference fringes generated from the Michelson interferometer 
configuration illustrated in Figure 3.1 (3). 
 
The interference occurs due to the difference in path lengths travelled between the beam 
splitter and the corresponding mirrors.  Each path is travelled twice by the light beams 
within the medium of refractive index n, resulting in a path length difference given by 
 
  122 ddn   (3.1) 
 
This path length difference can be altered by changing the position of mirror, M2, 
usually mounted on a translation stage.  As the mirror position is adjusted, dependant on 
the direction of travel, the observable interference rings appear to either grow, with new 
rings appearing at the central point, or shrink, with existing rings disappearing at the 
central point.  An alternative method of altering the path length differential, and in turn 
the positions of the interference fringes, is by changing the medium of one of the 
interferometer arms, through which the light travels.  This can be achieved by placing 
one of the paths in a vacuum chamber and evacuating in order to change the refractive 
index.  The light will travel faster in the evacuated chamber, and as this is brought back 
up to atmospheric pressure the interference rings will either grow or shrink in size. 
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In order to derive the path length change from the interference fringes we must consider 
the light in general.  The amplitude, A, and intensity, I, of a wave propagating from the 
source are generally described in the following terms, 
 
 
   kxtEtxA  cos,  
2
AI   
(3.2) 
 
As previously stated, on interaction with the beam splitter the light amplitude is split, 
travelling the distance between the beam splitter and the reflective mirrors twice, 2d, 
and then on to the projection screen along distance dp.  This gives the following 
representation of the separate propagation paths, 
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Where the energy is halved along each propagation path and the phase is described in 
terms of the lengths travelled to the corresponding mirror and projection screen. 
The output of the interferometer, through superposition of the above wave equations, 
can be described in terms of intensity as 
 
   21
2
0 cos ddkII p   (3.4) 
 
Where I0 is the intensity of the source light, and the cos
2 function arises from the 
conversion from amplitude to intensity.   
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Substituting the definition of the standard wave number k given by, 

2k , into the 
above equation for the Michelson interferometer output intensity, the conditions for 
achieving a maxima and minima are given as 
 
 
2
m
dMaxima   
2
2
1








m
dMinima  
(3.5) 
 
Where m is equal to an integer order number (m=0, 1, 2, ......). 
Changing the path length by altering the position of one of the mirrors changes the 
relative phase of the two beams, resulting in circular fringes either appearing or 
disappearing at the central position when using a monochromatic light source.  It is 
through this variation of interference fringes that the change in length can be monitored 
and calculated, as will be discussed in section 3.5.3. 
The same principles apply when using a fibre optic Michelson interferometer as oppose 
to a bulk optical arrangement.  Changes in the OPL due to variations in the physical 
length of the fibre or through variations in temperature and pressure can be monitored, 
and is the reason why the Michelson interferometer is a common choice as a 
measurement technique. 
It is due to its simplistic measurement method and arrangement that the Michelson 
interferometer was chosen as the reference interferometer for determining the 
differential length for this project.  Using a monochromatic light source, changes in the 
OPL of the interferometer can be monitored without this compromising the differential 
length measurement of the Fabry-Perot cavities of interest. 
 
3.3. Fabry-Perot Cavity 
In the previous section, 3.2, the Michelson interferometer and the characteristics of such 
an arrangement, as a means of determining a measured length change, were described 
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using the method of interferometry.  As with the Michelson interferometer, the Fabry-
Perot cavity utilises the technique of interferometry as a method of determining a 
length, defined between the reflective walls of the cavity.  This arrangement can be used 
in both the transmitted and reflected methods using multiple-beam interference 
principles. 
For the experimental configuration carried out in this project, the Fabry-Perot cavity 
will not be used in the standard arrangement as a means of determining the individual 
cavity length, or change due to an external measurand.  It is, however, still important to 
understand the principles behind the Fabry-Perot interferometer in order to optimise the 
configuration in which it will be deployed. 
The Fabry-Perot interferometer is a very simple device, consisting of two parallel 
mirrors precisely aligned to form a reflective optical cavity, or resonator, as illustrated 
in Figure 3.3. 
 
Figure 3.3: Basic fibre optic Fabry-Perot cavity construction. 
 
The interferometric cavity is formed between mirror m1, through which the initial light 
enters the cavity, and mirror m2, which defines the end of the cavity.  In the case 
illustrated above, and as will be the case for this thesis, mirror m1 is formed from a 
cleaved optical fibre, resulting in a 3.6% reflective surface, at 1550 nm, due to Fresnel’s 
equations (4).  The cavity will have both transmission and reflection, characterised by 
the properties of the two cavity mirrors.  In an ideal situation, mirror m2 will have little 
or zero absorption properties, allowing maximum light propagation due to the lossless 
properties of Fresnel’s reflections.  This is never the case and so optical loss through 
absorption will have to be taken into consideration. 
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Taking the simplest case of the Fabry-Perot cavity, where it can be assumed that the 
mirrors are ideally lossless and their reflections are sufficiently small, such that the 
surfaces will have zero thickness and zero phase change, and only one reflection will 
occur at the interfaces, the reflected intensity, Ir, will be defined as, 
 
 
*
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  ir errEE 210   (3.7) 
 
E0 and Er are the incident and reflected electric fields respectively, Er
* is the complex 
conjugate of the reflected electric field, r1 and r2 are the respective amplitude reflection 
coefficients, and   is the optical phase given by 
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Where l is the optical path length of the cavity and n is the refractive index of the 
substrate within the cavity. 
The phase change within a Fabry-Perot cavity is twice that of the standard relationship 
between phase and optical path length, due to the complete round trip the light travels 
within the cavity. 
For the above case it is assumed that the coherence length is large compared to the 
cavity length and that the source within the cavity is spatially coherent.  It is also 
assumed that the polarisation within the cavity remains unchanged throughout.  It can 
therefore be determined from the above equation that the reflected intensity is given by 
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Where R1 = r1
2, R2 = r2
2, and I0 is the initial input intensity of the source. If losses, η, due 
to coupling efficiency are taken into consideration, the output intensity can be expressed 
as (5) 
 
      cos121 121212210 RRRRRRII r   (3.10) 
 
Where 
 
 
 lww
lww
2
22
22
0
0

  (3.11) 
 
As the beam propagates into the cavity, divergence along the cavity length must be 
taken into consideration.  The return beam from the reflection at the secondary mirror 
will therefore be broadened, and will inject into the fibre partially with the coupling 
coefficient determined by interchange interrogation as expressed above.  Generally, due 
to the light divergence at the input to the cavity through mirror m1, the percentage of 
radiation reflected from the secondary cavity mirror, m2, depends on the distance 
between the cavity mirrors, l, the beam spot size, w, and the beam waist, w0, at the fibre 
tip.  Figure 3.4 shows the effect of light divergence from the optical fibre end. 
 
 
Figure 3.4: Effect of light spread from the fibre. The half angle at which the light exits 
the fibre, θ, is dependent on the numerical aperture, NA, of the fibre core. 
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The cavity, or fringe, visibility, V, can also be taken into consideration.  This parameter 
defines the quality of the optical interference and is determined by the expression 
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Where Imax and Imin are the respective maximum and minimum intensities of the optical 
interference.  As is shown above, the cavity visibility is dependent on the surface 
reflectivity’s R1 and R2, and cavity length, the three parameters that can be altered to 
obtain maximum visibility. 
Through rearrangement of equation 3.12, a cavity visibility of 100% is possible if the 
following relationship is obtained 
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When the cavity transfer function is generated via the first reflections from the cavity 
mirrors, m1 and m2, the above analysis, commonly known as the two-beam 
approximation, provides an analytical expression for low reflectivity cavities. 
The visibility of a Fabry-Perot cavity describes the limits of the interference intensities, 
however, it is customary to define a numerical value to which the width, or sharpness, 
of the maxima can be characterised.  This value is referred to as the finesse, F, of an 
interferometer, and is defined as the ratio of peak distance to peak half width.  The 
expression of the finesse is given as 
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Where R is the cavity facet reflectivity.  As only the influence of the reflectivity on the 
line width is considered here, it is often termed as the reflectivity finesse as a means of 
distinguishing it from other properties influencing the transfer function. 
A ‘high finesse’, typically implying a facet reflectivity greater than 90%, can be useful 
for optical spectrum analysis, because it allows the combination of a large free spectral 
range with a small resonator bandwidth.  Therefore, a high spectral resolution in a wide 
spectral range is possible. 
There is, however, a drawback to improving the cavity resolution by increasing the 
optical path difference between the two reflecting surfaces, in that as the spectral range 
increases, so do the interference orders, leading to problems of overlapping orders.  
Typically, the working range of a Fabry-Perot cavity, whereby there exists no 
overlapping orders, is defined as the free spectral range (FSR), given by the following 
equation 
 
nl
FSR FSR
2
2
0   (3.15) 
 
Where λ0 is the central wavelength, and l is the optical cavity length. Δλ is the optical 
wavelength between two successive reflected or transmitted optical intensity maxima of 
the interferometer, as illustrated in Figure 3.5. 
 
 
Figure 3.5: Free spectral range definition. 
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When using a broadband light source to illuminate a Fabry-Perot cavity for the 
generation of interference fringes, the FSR can be used for analysis in determining the 
absolute optical cavity length be measuring the wavelength spacing between two 
adjacent peaks. 
 
3.4. Tandem Interferometry 
So far, details of the Michelson interferometer and the Fabry-Perot interferometer have 
been described, and individual analysis given as to how interference effects occur 
within each of the interferometers.  Further details as to how, with the use of different 
light sources, these interferometers can be used as a means of providing length 
measurements will be given in the sub-sections to follow.  The measurements obtained 
from these interferometers are, however, when using a broadband light source, limited 
to the FSR of the arrangement.  One method to overcome this problem and provide 
measurements over an extended range is based on tandem interferometry. 
A tandem interferometer configuration, usually employing a broadband light source to 
utilise the properties of low coherence interferometry, consists of two interferometric 
arrangements, where the output from one interferometer, known as the sensing 
interferometer, couples into a secondary interferometer, known as the receiving 
interferometer.  The use of low coherence light reduces the sensitivity of environmental 
effects on the connecting optical paths between the two interferometers, making this an 
ideal solution when measurements are at widely separate locations.  A simple tandem 
interferometric arrangement is shown in Figure 3.6. 
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Figure 3.6: Simple fibre optic tandem interferometer arrangement. 
 
The sensing interferometer is usually positioned within the measurand field of interest, 
whilst the receiving interferometer is commonly isolated from this and kept within a 
controlled environment.  The OPL difference of each interferometer is arranged to be 
larger than the coherence length of the light source, such that when individually 
illuminated, interference fringes will not be observed due to the delayed imbalance 
present in both. 
When a variable optical path is introduced into the receiving interferometer, illustrated 
by length x in Figure 3.6, interference effects are observed when the OPL difference of 
this interferometer and the OPL difference of the sensing interferometer are matched to 
within the coherence length of the light source.  The phase and visibility of the resulting 
interferometric signal will be a function of the two interferometer OPL differences. 
Considering the arrangement as illustrated in Figure 3.6, showing the different optical 
paths through which the light can propagate, the electric field output of this tandem 
configuration can be expressed in the following way (7) 
 
 22211211 EEEEE   (3.16) 
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Eij is the component of the electric field generated from light propagation through the i
th 
arm of the receiving interferometer and the jth arm of the sensing interferometer, given 
by (7) 
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Where Aij is the wave amplitude, k and   are the wave number and the phase 
respectively of Eij, and X1 and X2 are the OPL differences between the sensing and 
receiving interferometers. 
In order to obtain the intensity at the output, the time averaged square of equation 3.17 
is taken.  This is the product of the overall output electric field and its complex 
conjugate.  If the terms that, due the coherence length of the source, are equal to zero 
are removed and if I4 is the intensity of the path in which the OPL difference of the two 
interferometers is less than the source coherence length, the output intensity will be 
given as follows (8) 
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Where  X  is the absolute value of the normalised autocorrelation function. 
If it is assumed that the autocorrelation function of the low coherence light source has a 
Gaussian profile, and the power splitting ratios (K1, K2, K’1, K’2) of the two 
interferometers are taken into consideration, the output intensity can be rewritten as (8) 
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When the power splitting ratios of the interferometers are all equal, the fringe visibility 
is maximised when X1-X2 is equal to zero.  Any change of OPL in the sensing 
interferometer with respect to the receiving interferometer will result in a change to the 
fringe visibility and the phase of the signal. 
Changes to the OPL can be monitored via scanning the receiving interferometer with 
changes in the central fringe position used to determine the absolute OPL change of the 
sensing interferometer.  It is also possible to incorporate a secondary light source, 
usually a highly coherent laser source, as a means of monitoring changes in OPL.  This 
is an approach which has been utilised in this research, with details of how the different 
light sources will interact with such an arrangement to follow. 
 
3.5. Light Sources 
There exist many different types of light source which can be used in interferometric 
systems in order to produce a range of interference effects which can, in their own 
particular way, give information regarding the effects which are observed.  The 
common used light sources include, laser (or monochromatic) sources, for example 
Helium-Neon (HeNe), light emitting diodes (LED’s), super-luminescent diodes 
(SLED’s), super-continuum light sources, and Xenon lamp sources.  The three latter 
light sources are also commonly referred to as broadband or white light sources. Each 
light source has a different emission profile, as shown in Figure 3.7, and so the 
interaction of each with an interferometric system will provide different results. 
 
 
Figure 3.7: Emission profile for different light sources (9) 
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For the purposes of this research, focus will be paid on the properties of laser light and 
SLED’s.  Before reviewing the interference effects these light sources will exhibit when 
exposed to the Michelson interferometer and the Fabry-Perot interferometer, the 
properties which will effect these interactions, in particular, the spectral width, and 
coherence length will firstly be discussed.  Additionally the previously mentioned, FSR 
is also an important property with respect to evaluating interference fringes generated 
from an interferometer. 
Although super-continuum and Xenon lamp light sources have a greater spectral width 
than SLED sources they were not considered for this research.  Although they 
theoretically are beneficial to achieve an accurate determination of the central location 
of an interference fringe burst, the use of such light sources requires the use of optical 
components which support a very wide spectral bandwidth.  However commercially 
available fibre optic components rarely exhibit a usable spectral bandwidth in excess of 
40-60 nm.  Outwith this operating bandwidth the properties are unknown and at specific 
wavelengths of a super-continuum or Xenon lamp source the component may not be 
operating in its characterised fashion.  It may also be the case, although it may not be 
clear due to the arbitrary unit intensity scale used in Figure 3.7, that the optical output 
powers from super-continuum and Xenon lamp sources over a small bandwidth region 
may not be as sufficient as that generated from an SLED source. 
 
3.5.1. Spectral width 
Every light pulse has a spectral width, or bandwidth, over which light is transmitted.  
The spectral width is defined as the width of the optical spectrum of the output of a light 
source, usually specified in terms of frequency or wavelength.  The spectral width is 
measured across the region where the power of the light is equal to half the maximum 
power, or where the magnitude is equal to -3dB, as illustrated in Figure 3.8.  This 
position, and also the value of the spectral width, is commonly referred to as the full 
width half maximum (FWHM). 
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Figure 3.8: Measurement of a light source spectral width. 
 
FWHM is an expression of the extent of a function, given by the difference between the 
two extreme values of the independent variable at which the dependent variable is equal 
to half of its maximum value.  Not only is the FWHM applied to the duration of a pulse 
waveform and the spectral width of a light source, but it is also used in describing 
spectrometer resolution. 
The FWHM method may be difficult to apply when the spectrum has a complex shape.  
Another method of specifying spectral width is a special case of root-mean-square 
deviation where the independent variable is wavelength, λ. 
Due to the inverse relationship of frequency and wavelength, the conversion factor 
between gigahertz and nanometers depends on the centre wavelength or frequency.  The 
following equation is used when converting a small wavelength interval into a 
frequency interval 
 
 

 
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 (3.20) 
 
As will be discussed in the following section for determining the coherence length of a 
light source, the spectral width, or bandwidth, can be measured in terms of either 
wavelength or frequency. 
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3.5.2. Coherence length 
Coherence is one of the most important concepts in interferometry and describes the 
ability of light to exhibit interference effects.  Coherence, dependant on the 
characteristics of the light source, is a measure of the correlation that exists between the 
phases of a wave measured at different points.  A light field is called coherent when 
there is a fixed phase relationship between the electric field values at different locations 
or at different times.  Partial coherence means that there is some correlation between 
phase values. 
There exist two different aspects of coherence which need to be considered, spatial and 
temporal.  When a source is said to be spatially coherent, there exists a fixed phase 
relationship between the electric fields at different locations across the beam profile.   
This is the essential requirement for strong directionality of laser beams.  A strong 
temporal coherence means there is a fixed phase relationship between the electric fields 
at one location but different times. 
The coherence length of a light source is the propagation distance from the source to a 
point where an electromagnetic wave maintains a specified degree of coherence.  The 
significance is that interference will be strong within the coherence length of the source, 
but not beyond it, where phase relations between two different rays become random.  In 
long-distance transmission systems, the coherence length may be reduced by 
propagation factors such as dispersion, scattering, and diffraction. 
The coherence length, lc, is given by the coherence time, tc, the degree of first order 
temporal coherence via the time over which the coherence is lost, multiplied by the 
speed of light in a vacuum, c, 
 
 cc ctl   (3.21) 
 
This also characterises the temporal coherence via the propagation length, and 
propagation time, over which coherence is lost. 
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The coherence length of light can also be defined in terms of the spectral width of the 
source, given by 
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 (3.22) 
 
Where λ is the central wavelength of the source, n is the refractive index of the medium, 
and Δν and Δλ is the spectral width of the source in terms of frequency and wavelength 
respectively. 
In the case of laser light sources, where the spectral width is small, the coherence length 
can reach up to hundreds of meters, making this a suitable source for use in determining 
length changes over a large distance.  Broadband sources on the other hand, which can 
have relatively large spectral widths, may only have a coherence length in the order of 
micrometers.  This makes for a difficult task in matching OPL’s in order to observe 
interference effects as the lengths may have to be matched to within a few micrometers 
of each other.  They can however be useful in situations where precise measurements of 
small lengths are required. 
 
3.5.3. Laser light source 
A device that emits light through a process of optical amplification based on the 
stimulated emission of electromagnetic radiation is referred to as a ‘laser’ source, an 
acronym of "light amplification by stimulated emission of radiation".  A laser differs 
from other light sources as it emits light coherently.  Spatial coherence allows a laser to 
be focused to a tight spot, enabling applications like laser cutting and lithography.  
Spatial coherence also allows a laser beam to stay collimated over long distances, 
making such devices as laser pointers possible.  
It is the high temporal coherence of a laser that allows them to have a very narrow 
spectral width, and in turn a very large coherence length.  Typically a HeNe laser, which 
emits light at a wavelength of 632.8 nm, has a spectral width down to 1 MHz (10).  This 
equates to having a coherence length, in free space, of 300 m.  Due to the high 
coherence length of using a laser source, it allows interference fringes to be observed 
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without the need to have the OPL’s of the two arms of a Michelson interferometer 
closely matched. 
As commented on in section 3.2, when illuminated with a light source, which could be a 
laser, the output of the Michelson interferometer, shown in Figure 3.1, when viewed on 
a projection screen, will exhibit interference rings, previously illustrated in Figure 3.2.  
If as oppose to monitoring the full interference rings and instead, using an indium 
gallium arsenide (InGaAs) photodiode to monitor the centre of the rings, the intensity of 
the light, when the Michelson is in a stationary position, will either by at a maximum if 
the optical path difference is equal to half the wavelength of the source, a minimum if 
the optical path difference is equal to the wavelength of the source, or at a intermediate 
power dependant on the difference. 
A change to the OPL of one of the Michelson interferometer arms, as a result of a 
change in mirror position if using a bulk optical arrangement, or a change in the 
physical length or through a pressure or temperature change if using a fibre optic 
arrangement, will therefore result in a sinusoidal varying intensity, through maxima and 
minima, measured at the photodiode.  The interference fringes resulting from the laser 
light intensity change as the OPL difference is being altered is illustrated in Figure 3.9.  
The fringes shown are a modelled representation of a Michelson interferometer with a 
changing OPL in one arm illuminated with a 1310 nm DFB laser source. 
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Figure 3.9: Modelled interference fringes, generated through implementation of 
Equation 3.4, of a 1310 nm DFB laser source from a Michelson interferometer due to a 
changing OPL of one arm. 
 
Maxima correspond to changes in length of half the wavelength of the light source, and 
minima are observed when the change corresponds to the beams being 180° out of 
phase, therefore, it can be deduced that for one full fringe to appear, the optical path 
displacement must be equal to half the wavelength of the light source.  Knowing this, 
the optical path length change can be determined from, 
 
 
2
N
d   (3.23) 
 
Where N is the number of interference fringes generated during the process of optical 
displacement. 
It is as a consequence of the short spectral width and corresponding large coherence 
length of a laser light source, that it is possible to observe sinusoidal interference fringes 
from a Michelson interferometer due to a change in OPL of one of the interferometer 
arms over a wide range.  As will be discussed in the following section, this would not be 
a possibility when using a broadband light source with a large spectral width.  It is for 
this reason, that for use in this project whereby the Michelson interferometer is acting as 
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a reference interferometer as a means of measuring a optical path length change, that a 
laser light source is used alongside a fringe counting technique to accurately determine 
optical displacements. 
 
3.5.4. Super-luminescent light source 
An SLED, similarly to a laser diode, is based on an electrically driven pn-junction.  
When this junction is in the forward biased direction it becomes optically active, 
generating amplified spontaneous emission (ASE) over a wide wavelength range.  The 
active material and the current injection level are responsible for the peak wavelength 
and intensity at which the diode emits.  Unlike a laser diode, an SLED has insufficient 
feedback to achieve lasing, as they are typically designed to have single pass 
amplification for the spontaneous emission generated along the wavelength (11). 
In comparison to a laser light source, which has a very narrow spectral width, SLED’s 
can have a very broad spectral width, in some cases up to hundreds of nanometers, as 
shown in Figure 3.10. 
 
 
 
 
 
 
77 
 
 
(a) 
 
(b) 
Figure 3.10: FWHM comparison between (a) a broadband light source and (b) a laser 
light source. 
 
As a result of this large spectral width, the coherence length of most SLED’s is very 
short, and can be as little as micrometers in length.  As interference effects are not 
permissible out with the coherence length of a source, using broadband light for length 
measurements with a Michelson interferometer can be a difficult task as only OPL 
differences within the coherence length can be monitored. 
If, as before, when the output intensity from a Michelson interferometer is being 
monitored via an InGaAs photodiode, interference fringes will be observed when the 
OPL of one of the interferometer arms is changing with respect to the other, however, in 
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contrast to using a laser light source, this interference pattern will only be observable 
when the OPL difference of the two arms comes within the coherence length of the 
source.  The envelope of the interference pattern follows that of the source profile, with 
the maximum intensity occurring when the OPL’s are equal, as illustrated in 
Figure 3.11.  The fringes shown are a modelled representation of an interferometer with 
a matched OPL between two arms illuminated with a broadband light source centred at 
1550 nm with a spectral width of 263.93 nm.  This particular light source will have a 
coherence length of 6.20 μm within an optical fibre arrangement. 
 
 
Figure 3.11: Modelled interference fringes, generated through implementation of 
Equation 3.19, from an equal OPL of a Michelson interferometer using a broadband 
light source centred at 1550 nm with a spectral width of 263.93 nm, corresponding to a 
coherence length of 6.20 μm. 
 
As the resultant interference fringes only span over the coherence length of the source 
and are therefore not permissible over a large range, broadband light sources are not 
suitable for measuring the optical path displacement of a Michelson interferometer 
through fringe counting analysis, as would be possible with use of a laser source.  It can 
however provide a reference measurement when arranged in tandem with a secondary 
interferometer, as will be described in the paragraphs to follow.  
The interference fringes generated when using a light source with a wide spectral width, 
and small coherence length, occur when the OPL’s are matched to within the coherence 
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length of the source.  As is the case with interferometers arranged in a tandem 
configuration, as illustrated in Figure 3.12, when the OPL difference of the first 
interferometer is matched to the OPL of the secondary interferometer, interference 
fringes as in Figure 3.11 are again observable. 
 
 
Figure 3.12: Fibre optic tandem arrangement of a Michelson interferometer and a 
Fabry-Perot interferometer. 
 
Figure 3.12 shows a Michelson interferometer connected in tandem with a Fabry-Perot 
cavity, however it is possible to have any interferometer arrangement, for example a 
two Michelson configuration.  The above arrangement however, forms the basis of the 
configuration used for determining length measurements in this study. Resulting 
interference fringes are observable via the photodiode detector when the Michelson 
interferometer OPL’s are equal, and also when the difference in the OPL’s is equal to 
the Fabry-Perot cavity length.  The secondary fringe packet from the matched optical 
lengths with the Fabry-Perot cavity follows the same shape and covers the same span as 
that of the first fringe packet, however due to the loss of light through coupling in the 
Fabry-Perot cavity, the intensity of the resulting fringes is less, as shown in Figure 3.13.  
The fringes shown are a modelled representation of a tandem interferometer 
arrangement illuminated with a broadband light source centred at 1550 nm with a 
spectral width of 263.93 nm.  This particular light source will have a coherence length 
of 6.20 μm within an optical fibre arrangement. 
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Figure 3.13: Modelled interference fringes, generated through implementation of 
Equation 3.19, from a tandem interferometer arrangement illuminated with a broadband 
light source centred at 1550 nm with a spectral width of 263.93 nm, corresponding to a 
coherence length of 6.20 μm. 
 
It was mentioned previously that when using an SLED, it would not be possible to 
measure optical length displacement through a fringe counting technique due to the 
limited range over which interference fringes are observable due to the coherence length 
of the light.  It is however possible to use this as a reference in order to obtain length 
measurements of a secondary interferometer when arranged in a tandem configuration.  
This is the principle applied to the arrangement and resulting interference fringes from 
Figures 3.12 and 3.13 respectively. 
Knowing that, when the Fabry-Perot interferometer cavity remains constant, the two 
sets of generated fringe packets correspond to different OPL’s of the Michelson 
interferometer, it is possible to determine the Fabry-Perot length through displacement 
analysis of the adjustable Michelson mirror between consecutive fringe patterns.  The 
important aspect for accurate measurements is the determination of the central position 
of the fringe packet, possible through obtaining the interference fringe packet envelope.  
One means of acquiring the desired envelope is with the use of the Hilbert transform. 
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3.6. Hilbert Transform 
When using a broadband light source to illuminate an optical interferometer, 
interference fringes are visible when the path imbalance of the two interferometer arms 
is equal to zero, or when equal to the path imbalance of an adjacent interferometer 
connected in tandem.  The width of this interference pattern is determined by the 
spectral width, and in turn the coherence length of the light source. 
When using a tandem arrangement, where one interferometer is acting as a reference 
point, determination of the central position of the interference fringe packet is an 
essential aspect.  It is at this position where the OPL’s of the reference interferometer 
are equal and from where the measurement must be taken in order to obtain accurate 
readings.  The interference fringe pattern, and spacing between adjacent fringes, is 
determined by the coherence length of the source.  It could be said that in order to 
obtain the central fringe pattern position, one could simply find the peak amplitude of 
the interference pattern, as shown in Figure 3.14. 
 
 
Figure 3.14: Modelled low coherence interference fringes, generated through 
implementation of Equation 3.19, from a broadband light source centred at 1550 nm 
with a spectral width of 263.93 nm, corresponding to a coherence length of 6.20 μm, 
showing the peak amplitude position. 
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This may seem like the easiest method for determining the central position, especially 
when the spectral width of the source results in a limited number of fringes being 
generated within the coherence length, however it is inaccurate to assume that the 
maximum peak amplitude corresponds to the central fringe within the packet.  This is 
also not an accurate definition for the central position as with the introduction of noise 
uncertainty along the signal, the maximum peak intensity could correspond to a 
neighbouring fringe or position of a large noise burst.  
An alternative, and more accurate, approach for the determination of the central 
interference fringe packet position would be to obtain the envelope shape of the overall 
fringe packet, and from this, obtain the central position, as illustrated in Figure 3.15. 
 
 
Figure 3.15: Modelled low coherence interference fringes, generated through 
implementation of Equation 3.19, from a broadband light source centred at 1550 nm 
with a spectral width of 263.93 nm, corresponding to a coherence length of 6.20 μm, 
showing the peak envelope location and the differing location of the peak amplitude. 
 
There are a number of techniques for obtaining a signal envelope.  One method in 
particular which was deployed in this project is the Hilbert transform. 
The Hilbert transform, named after David Hilbert who first introduced the operator in 
order to solve a special case of the Riemann–Hilbert problem for holomorphic functions 
(12), is a common tool used in mathematics and in signal processing.  It was originally 
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defined as the transformation of sin ωt as cos ωt and was then introduced to signal 
processing as a generalisation of Euler’s formula,    zjze jz sincos  , as the complex 
analytical signal      tjvtut  , where v(t) is the Hilbert transform of u(t) (13). 
When using a white light source, the mathematical expression of an optical 
interferogram at an individual location can be expressed as (14), 
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Where a and b are the offset of the interferogram and modulation intensity respectively, 
z and h are the longitudinal co-ordinate and the height profile of the measured object 
respectively, and c is the interferogram envelop function.  Typically the envelope of a 
broadband light source will have a Gaussian form. 
The interferogram envelope is calculated from the interferogram given by equation 3.24 
using the Hilbert transform, denoted as 
 
     sgniH   (3.25) 
Where sgn(ω) equals 
1 for ω > 0 
0 for ω = 0 
-1 for ω < 0 
 
The Hilbert transform of the product of two functions with non-overlapping spectra 
equals the product of the low frequency function by the Hilbert transform of the high 
frequency function.  For the interferogram described above, the low frequency function 
is the interferogram envelope, and the high frequency function is the cosine function.   
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Applying the Hilbert transform to the interferogram alters the phase and also removes 
the offset (15), calculating the envelope as 
 
  hzjbce j   (3.26) 
 
Where Δz is the sampling step, and j is the sample order number (j = 0, 1, 2, ...).  The 
subscript j expresses that both the interferogram and the envelope are sets of discrete 
values defined for zj=jΔz (14). 
By extracting the envelope profile of the interference fringe packet generated from the 
tandem interferometric arrangement when illuminated with a broadband light source, 
analysis can be made in order to determine desired cavity lengths, and changes in them. 
 
3.7. Piezoelectric Theory 
The theory detailed in this chapter so far shows that interference effects are observable 
when an optical fibre system, illuminated with either a broadband or laser light source, 
undergoes a change in OPL of one of the interferometer arms.  Such a change can 
achieved through modifying the index or physical length of the fibre.  In the case of this 
research whereby it will be required to periodically scan through a length change in an 
optical fibre, one method of achieving this would be via stretching of the fibre length 
with the use of a piezoelectric ceramic. 
For many flow experiments quasi-static pressure measurements are often sufficient and, 
in the case of the requirements of this research, a bandwidth equivalent to one 
measurement every ten to twenty seconds would be suitable for such a system.  This is 
plausible with the use of a piezoelectric ceramic as the applied voltage across the 
material can be periodically scanned resulting in expansion and contraction of the 
optical fibre coiled around the ceramic length. 
Piezoelectricity, discovered in the 1880’s by brothers Pierre and Jacques Curie, is a 
property exhibited by certain crystalline materials, in which the crystalline structure 
produces a voltage, proportional to a mechanically applied pressure (16).  Alternatively, 
when an electric field is applied to such a material, the structure changes shape 
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producing dimensional changes in the material.  Certain compounds can be made 
piezoelectric by the application of a high electric field and are termed ferroelectric 
materials. Examples of piezoelectric materials are quartz and ferroelectric crystals. 
Another important group of piezoelectric materials are the piezoelectric ceramics, such 
as PZT.  These polycrystalline ferroelectric materials, made with a perovskite crystal 
structure, are solid solutions of lead Titanate (PbTiO3), and lead Zirconate (PbZrO3), 
modified by additives.  Each cell of the crystal lattice in a ferroelectric crystal 
spontaneously polarises along one of a series of allowed directions.  This spontaneous 
polarisation is no longer observable at a critical temperature, known as the Curie point.  
A PZT ceramic can be regarded as a series of randomly oriented crystallites before 
polarisation, due to which the material will be isotropic and will exhibit no piezoelectric 
effect.  The ceramic will be made piezoelectric in a chosen direction by a poling 
treatment. During this treatment the ceramic will be exposed to a high electric field 
across the poling direction, usually at an elevated temperature, causing switching or 
realignment of the dipoles in the ferroelectric material as shown in Figure 3.16. 
 
 
Figure 3.16: Schematic showing the alignment of the dipoles in a PZT material. 
 
After removal of the electric field there is a remanent polarisation in the ceramic which 
is responsible for its piezoelectric properties.  The resulting ceramic is also anisotropic. 
PZT components usually have metal electrodes positioned perpendicular to the poling 
axis in order to allow the application of a voltage across them resulting in a distortion 
along the poling axis. 
Figure 3.17 shows the piezoelectric effects due to applied voltage along the poling axis 
for a PZT ceramic rod.  When the applied voltage is of the same polarity as the poling 
86 
 
voltage, the rod will lengthen.  Alternatively if the applied voltage is the opposite to that 
of the poling voltage, the rod will shorten.  Figure 3.17 also shows the effect of applying 
an alternating voltage across the electrodes.  In this case the PZT rod will expand and 
contract at the same frequency as that of the applied voltage. 
 
 
Figure 3.17: Schematic showing the expansion and contraction effects of a PZT rod 
with applied voltage across the polling axis. 
 
In the case of this research, as will be discussed in further detail in Chapter 4, where 
expansion of an optical fibre to induce an optical length change will be the result of a 
fibre length coiled around a PZT tube, the poling axis and applied voltage directions are 
shown in Figure 3.18 
 
 
 
Figure 3.18: Schematic showing the poling directions of a PZT tube and the expansion 
and contraction with applied voltage. 
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By applying a positive voltage to the piezoelectric tube, the outer diameter of the tube 
will expand.  The following equations detail the length and diameter expansion of the 
ceramic tube with the applied voltage. 
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Where l is the tube length, V is the applied voltage, d31 and d33 are strain constants of 
the material, do and di are the tube's outer and inner diameters respectively, t is the tube 
thickness, and  dm=(do+di)/2. 
Greater expansion of the piezoelectric tube can be achieved with a greater applied 
voltage.  There is however a limitation to this.  A piezoelectric ceramic can be 
depolarised by a strong electric field with polarity opposite to that of the poling voltage, 
as would be the case during the voltage drop if applying an alternating voltage cycle.  
This limit is dependent on the material properties, the duration of the application, and 
the operating temperature.  In the case of the piezoelectric tubes used in this work, the 
limit of applied electric field is 500 V/mm, of the tube thickness. 
 
3.8. Diaphragm Theory 
So far within this chapter a theoretical review has been carried out, investigating the 
techniques which could be incorporated in order to develop a suitable arrangement for 
the measurement of a differential length.  By utilising the characteristics of a 
deformable diaphragm, it is possible to convert such a length measurement into a 
pressure measurement. 
A diaphragm is assumed to be a plate consisting of an elastic, homogeneous, isotropic 
material with a uniform thickness for which the deflection is small in comparison with 
the diaphragm thickness.  Theoretical analysis of diaphragm characteristics has been 
covered in texts (17, 18), however it is important for the purposes of optimising 
pressure sensing to understand the key parameters that influence the diaphragm 
performance.  Material type, thickness, and diameter can all be varied to optimise the 
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sensor performance in order to maximise, for a given sensing range, the diaphragm 
deflection, pressure sensitivity, and frequency response. 
The general types of diaphragm shape that can be used in pressure sensing (19), are 
circular (20) and square (21).  A circular diaphragm, due to the negligence of the 
residual stress at the circumference of the diaphragm surface, compared with a square 
diaphragm, has been considered for the construction of the sensor head used for 
differential measurements.  The relationships of the diaphragm deflection, sensitivity, 
and frequency response with the material thickness and diameter are all considered in 
the following sections. 
 
3.8.1. Diaphragm deflection 
When an external pressure is applied, a circular diaphragm clamped around its 
circumference, will be uniformly loaded causing deformation, as illustrated in 
Figure 3.19. 
 
 
Figure 3.19: Deformation of a circular diaphragm due to pressure. 
 
The differential pressure will result in the diaphragm bending into a quasispherical 
shape in the centre, but will reverse its curvature at a finite distance from the centre as a 
result of reactive moments at the periphery (22). 
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The surface deflection, y, of a diaphragm under differential pressure, P, in the linear 
regime, as a function of the pressure difference at any radius position, r, given as (23) 
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Where a and h are the radius and the thickness of the diaphragm respectively, and E and 
µ are Young’s modulus and Poisson’s ratio of the diaphragm material respectively. 
If the considered sensor design consists of the optical fibre used to carry light to and 
from the cavity, positioned at the centre of the diaphragm as shown in Figure 3.19, it is 
assumed that the cavity length is defined as the distance from the centre of the 
diaphragm and the optical fibre.  The sensor sensitivity, described as the ratio of 
diaphragm deflection to applied pressure, can be estimated from the deflection of the 
centre of the diaphragm given as 
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For the diaphragm pressure sensor, the maximum tolerable pressure Pm corresponds to 
the maximum tolerable tensile stress, occurring at the central position of the diaphragm, 
at which the diaphragm is expected to break. This is given by 
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Where σm is the maximum tensile stress of the diaphragm material. 
Ideally the diaphragm deflection should have a linear response to the exerted pressure, 
however, it is known that the diaphragm response will never be truly linear.  The 
maximum linear response pressure P0, which is defined as the maximum pressure 
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within which the diaphragm strain/pressure relation remains approximately linear, to 
within 2%, is given by 
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If it is possible to operate within the linear regime then signal processing is simplified, 
however it is important to note that it is the burst pressure that defines the maximum 
operating pressure limit. 
 
3.8.2. Diaphragm sensitivity 
The diaphragm will be deflected when there is a differential pressure, P, between the 
inside and the outside of a sealed cavity.  When monitoring the deflection at the centre 
of the diaphragm equation 3.29 can be used for determination of the diaphragm 
sensitivity, δdiap. 
Through rearrangement of equation 3.29 the diaphragm sensitivity, defined as the ratio 
between the deflection and the pressure, is given as 
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For the monitoring of pressure, a diaphragm with high deflection sensitivity is desirable. 
 
3.8.3. Frequency response 
An important aspect to consider when designing the sensing diaphragm is the frequency 
response, as generally, in order to obtain a flat response within a specific frequency 
range, the function point should be set far lower than the natural frequency.  In order to 
measure dynamic pressure at high frequency, a high natural frequency is desired.  The 
diaphragm can be described as a free vibrating circular disc clamped at its sides, and so 
the frequency response is analysed in terms of its resonant frequency.  A resonance 
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occurs when the oscillation frequency matches the natural frequency of the diaphragm.  
The natural frequency, fmn, is expressed as (23) 
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Where αmn is a constant relating to the vibrating modes of the diaphragm, and ρ is the 
mass density of the diaphragm material. 
The lowest natural frequency, f00, corresponds to a mode in which the maximum 
oscillation amplitude is at the centre of the diaphragm and only the clamped edges are 
stationary, therefore there are no additional nodes or anti-nodes associated with higher 
order vibration modes.   
At this frequency, αmn is equal to 10.21, giving the equation for the natural frequency 
(23), 
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D is termed as the flexural rigidity of the diaphragm.  To ensure that the diaphragm 
operates within the linear range, the resonance frequency of the diaphragm should be 
three to five times the size of the applied frequency (22). 
 
3.8.4. Flexural rigidity 
The radius and the thickness of a sensing diaphragm are major contributors to the 
deflection and sensitivity when pressure is applied, however the material characteristics 
and thus the stiffness of the diaphragm must be also taken into consideration.  The 
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flexural rigidity, expressed in equation 3.35, is defined as the force couple required to 
bend a rigid structure, and can be used to examine the stiffness of the diaphragm. 
The expression for the flexural rigidity demonstrates that as the thickness of the 
diaphragm is increased the structure becomes more rigid and less flexible, which in turn 
causes the deflection of the diaphragm to decrease.  Combining equations 3.29 and 3.35, 
the following expression shows the relationship between the flexural rigidity of a 
diaphragm and the maximum deflection at the centre where the radial distance is zero, 
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It can be concluded that a thin diaphragm with a low flexural rigidity will provide the 
highest deflection and sensitivity due to the applied external pressure. 
 
3.8.5. Diaphragm thickness 
The relationship between an applied pressure and a diaphragm deflection is linear only 
when the deflections are small.  When the deflection of an edge clamped diaphragm is 
even 10% of the thickness, tensile stresses will appear, and as the deflection is 
increased, the relationship between pressure and deflection will become non-linear. 
Diaphragms will however perform well even when the deflection is 30% of the 
thickness.  At this deflection the terminal-based linearity is 2%, provided that the stress 
level is well within the proportional limit of the material. 
The previous equations are therefore valid within the linear range when the diaphragm 
deflection is no more than 30% of the thickness, hence ymax=0.3h. 
 
3.9. Theoretical Implementation for Experimental Work 
In this chapter a theoretical review has been carried out.  The theory within this chapter 
will be used throughout the following chapters as a means of developing a suitable 
technique for the measurement of a differential pressure through the determination of a 
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differential length.  In order to develop such a sensing system the key theoretical 
knowledge has to be extracted and the methods of implementation considered. 
Interference effects due to the differing coherence length characteristics of both 
broadband and laser light sources were discussed.  Details of the different interference 
patterns generated from said light sources when interacting with interferometers in the 
forms of a Michelson and a Fabry-Perot were given, along with the conditions of how 
such fringes are produced for the individual interferometer arrangements.  A theoretical 
analysis of a tandem arrangement of interferometers was also considered. 
Interference of broadband light, generating a pattern with an envelope matching that of 
the source, occurs when the lengths of two optical paths are matched to within the 
coherence length of the light source.  Due to the typically small coherence length of 
many broadband light sources this phenomenon could be utilised for the design goals of 
this research.  With two Fabry-Perot sensing cavities arranged in a tandem configuration 
such that the differential length between them creates a measurable OPL, a Michelson 
interferometer with a changing OPL in one arm can be connected to this tandem 
arrangement in order to produce interference fringes, when illuminated with a 
broadband light source, when the mismatch in OPL of the two Michelson interferometer 
arms is equal to the OPL formed from the differential length of the sensing cavities.  
From a measure in the Michelson interferometer arm length mismatch, the 
corresponding differential length of the Fabry-Perot cavities can be found. 
With a procedure in place for the determination of the differential length of interest, the 
Hilbert transform is implemented as a method of calculating the central position of the 
interference fringes, where the lengths of the two optical paths in question are equal to 
zero.  From finding the central position of the zero order interference fringes of the 
Michelson interferometer, the location where the two interferometer arm lengths are 
equal, to the central position of the first order interference fringes, the location where 
the OPL difference of the two interferometer arms is equal to the OPL differential of the 
two Fabry-Perot cavities, an accurate determination of the change in length can be 
calculated. 
Accurate determination of the differential length of interest is performed with the use of 
a secondary reference light source in the form of a DFB laser.  Due to the different 
optical properties between a laser light source and a broadband light source, the 
corresponding interference patterns and the conditions under with they are formed are 
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different.  Where a broadband source only forms fringes over a short range equal to the 
coherence length of the source, a laser light source, due to the large coherence length it 
possesses, can generate interference fringes over a wide range.  When illuminating the 
Michelson interferometer with a laser source, interference fringes in a sinusoidal pattern 
are generated during the change in OPL of one of the interferometer arms.  This is a 
physical change in the optical fibre length, generated via the expansion and contraction 
of a piezoelectric ceramic, around which the fibre is wound.  Using a fringe counting 
analysis of the laser interference pattern generated between the zero order and first order 
broadband interference locations, the DFB laser becomes particularly useful for the 
determination of the length change in the Michelson interferometer, and subsequently 
the differential length of the two Fabry-Perot sensing cavities. 
Through utilisation of the theory reviewed within this chapter, a sensing configuration 
for the measurement of a differential length can be developed, the full arrangement of 
which is described in Chapter 4.  Diaphragm characteristics can then be deployed in 
such a system as to provide an accurate technique for differential pressure 
measurements. 
 
3.10. Conclusion 
In this chapter a review of the theory behind the optical arrangement which will be 
deployed within this project has been discussed and why these particular configurations 
have been selected due to their working principles. 
The operational characteristics of a Michelson interferometer and of a Fabry-Perot 
interferometer have been described, in particular, light propagation throughout such a 
system configuration and the means in which interference effects become present.  A 
similar approach was investigated with a tandem interferometric arrangement in which 
the output light from one interferometer will couple through a second interferometer 
before being detected via a photodiode.  Such an arrangement is commonly used with 
low coherence light sources as a means of increasing the range over which 
measurements can be recorded. 
Laser light and broadband light sources were investigated with focus on how each 
individual source, when illuminating the previously mention interferometers, generates 
differing interference patterns, due to the differences in the lights spectral profile.  
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Spectral width and coherence length were discussed and how, due to the differences in 
these for the two light sources used, the resulting interference fringes can be used for 
determining length changes in the optical paths of the corresponding interferometer. 
The theory behind the Hilbert transform and how this transform can be used to obtain 
the envelope of an interference fringe packet, generated with the use of a broadband 
light source was discussed. 
The expansion properties of piezo ceramics was considered as this will provide a means 
of inducing an OPL change within an optical fibre removing the need of light re-
coupling if this change were to be achieved using a separate translation stage mounted 
mirror.  As is the case with piezo ceramics, nonlinear expansion with applied voltage, 
and expansion hysteresis must be taken into consideration when dealing with high 
resolution measurements.  These effects are considered in Chapter 4 along with a 
proposed technique which removes the need to consider the consequences of these 
characteristics. 
Finally, how the reviewed theory can be implemented into a practical system is 
discussed and the key factors that are to be taken into consideration, along with 
deformable diaphragm theory for incorporation of such a system as a differential 
pressure sensor.  The full sensing arrangement for the measurement of differential 
length will be described in Chapter 4. 
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Chapter 4: Interrogation System Design 
 
4.1. Introduction 
In Chapter 1 a problem was set for the development of a sensing configuration that 
would be capable of measuring the differential length of two sensing cavities at widely 
separated locations for the potential use in the measurement of pressure.  As a means of 
achieving this task the differential length would be made between two independent 
extrinsic fibre optic Fabry-Perot cavities.  
As was reviewed in Chapter 2 there are a number of methods, both conventional and 
optical, in which the measurement of pressure and length can be achieved.  It is 
apparent for this research however that such available devices are unable to meet the 
guide specifications, detailed in Table 4.1, due to the below resolution requirement over 
the high measurement range of interest.  Having reviewed the current techniques it was 
decided that an all fibre optic interferometric approach could provide the desired 
solution. 
 
Operating pressure range 1kPa – 100 kPa 
Differential pressure resolution 1 Pa 
Operating temperature range 15 – 200 °C 
 
Table 4.1: Typical sensor specifications. These specifications are a guide towards a 
potential sensing application in pressure studies. 
 
As was detailed in Chapter 3 for many flow experiments quasi-static pressure 
measurements are often sufficient and a bandwidth equivalent to one measurement 
every ten to twenty seconds would be suitable for such a system. 
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Table 4.1 details the operating temperature range, an important parameter which has to 
be taken into consideration at the sensing locations.  Due to the potentially large 
separation of the sensing cavities, variations in temperature will have an effect on the 
cavity lengths and therefore the differential length to be measured.  One approach to 
compensate for this effect would be through the material design of the sensor head 
arrangement and with the use of additional temperature monitoring at the sensing 
locations for determining material thermal expansion.  Techniques for temperature 
monitoring are out with the scope of this research however further details regarding the 
sensor head arrangement will be provided in Chapter 6. 
It is not only the temperature variation at the sensing locations which needs to be taken 
into consideration but the effects of temperature and air pressure, due to the surrounding 
vicinity, on the optical fibre downleads of the system between the sensing cavities.  This 
effect was taken into account during the design phase of the interrogation system and 
was investigated with the findings detailed in Chapter 5, section 5.5.  
The aim of this chapter is to describe an all fibre optic sensing system capable of 
measuring the differential length of two Fabry-Perot cavities separated by up to tens of 
meters where the cavities are arranged in tandem. 
A differential length measurement has many applications and can be particularly 
utilised for the measurement of differential pressure.  In certain circumstances the ratio 
between the required differential pressure resolution and the absolute pressure is in the 
order of 1:1×105.  Hence as a means of achieving a differential pressure measurement 
through the process of measuring the absolute pressure at the two individual 
measurement positions and subtracting, would require a measurement ratio better than 
that of 1:1×105 to account for uncertainty in the separate measurements, which is an 
extremely difficult task.  The proposed system outlined in this chapter circumvents the 
problem of requiring this extremely high resolution by eliminating any common mode 
background pressure from the metrological chain.  The sensing configuration also 
demonstrates the insensitivity on the optical fibre interconnecting leads as a result of 
environmental effects such as temperature and air pressure, due to the tandem 
arrangement of the cavities. 
For the development of a sensing system in which a differential pressure is to be 
determined through the measurement of a differential length, the relationship between 
these two has to be considered in terms of measurement range and resolution.  As will 
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be described later in the chapter and again in Chapter 5, the measurement range of the 
system will be determined via the induced change in OPL of the scanning Michelson 
interferometer.  This will be dependent on the fibre length of the interferometer arm and 
the applied voltage, to induce material expansion, across a piezoelectric ceramic, around 
which the fibre length will be coiled.  The limiting factors in maximising the scanning 
range of the Michelson interferometer include the maximum voltage which can be 
applied to a piezo ceramic without depolarisation of the material, and the optical fibre 
length wound along the length of a piezoelectric tube.   
With the guide specifications of this research requiring a differential pressure resolution 
of 1 Pa with a range up to 100 kPa, the differential length to be measured and the 
scanning range of the Michelson interferometer have to cope with such requirements, 
which in turn relates to the diaphragm characteristics of the final sensing arrangement as 
will be discussed in Chapter 6. 
This chapter commences by showing the full arrangement of the sensor configuration, 
highlighting each component used in the design.  Continuing from this, each individual 
section of the full configuration is discussed in further detail, illustrating how it 
contributes to the system, the fabrication that was involved, and why this particular style 
was chosen.  Having described the full configuration and the operating components, 
Chapter 5 will discuss the system characterisation, analysis, and refinement. 
 
4.2. Sensor Design 
In Chapter 2 it was discussed that a possible solution to solving the problem of 
measuring the differential length between two widely separated locations would be to 
use an all fibre optic sensor configuration consisting of two extrinsic Fabry-Perot 
cavities arranged in tandem with each other, and connected to a scanning reference 
Michelson interferometer.  Figure 4.1 shows the configuration of such a differential 
sensor arrangement. 
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Figure 4.1: Schematic of the sensor configuration for the measurement of differential 
length.  The black line shows the optical fibre leads with the blue and red lines tracing 
the two possible paths through which the 1550 nm broadband light can propagate after 
the Michelson interferometer.  The insert shows the interactions of the two light paths 
with the individual Fabry-Perot sensing cavities and the differential length, Δ, to be 
measured.  The 1310 nm laser source is used as a reference for determining the change 
in the OPL of the scanning Michelson interferometer. 
 
After exiting the Michelson interferometer the 1550 nm broadband light source used for 
generating the low coherence interference fringes from which the differential length 
measurement of the two Fabry-Perot cavities can be determined, follows a common 
path throughout the system, except when interacting with the individual sensing 
cavities, l1 and l2.  As can be seen from Figure 4.1, from exiting the Michelson 
interferometer, the blue line traces one possible path which the light follows, whilst the 
red line traces a secondary path which the light follows resulting in the formation of a 
differential length between the two Fabry-Perot cavities.  The purpose of the 1310 nm 
laser source, as will be discussed in the following sections of this chapter and in more 
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detail in Chapter 5, is to provide a reference measurement of the change in OPL induced 
in the scanning Michelson interferometer. 
Due to the tandem configuration of the Fabry-Perot cavities, the common path followed 
by the broadband light source leads to the generation of an OPL Δ.  This OPL is the 
differential length of the two Fabry-Perot cavities and is the measurement of interest for 
this project. 
Chapter 5 describes the measurement principle of the light sources used for this thesis 
project however the remainder of this chapter examines the individual components and 
sections of the system configuration, discussing the purposes behind their choice and 
the fabrication involved. 
 
4.2.1. Michelson interferometer 
In Chapter 2 the Michelson interferometer was introduced and described as a sensing 
interferometer that has been demonstrated for use in the measurements of strain (1), 
temperature (2), and displacement (3).  It is however due to the sensitivity of the fibre 
downleads, between the fibre coupler and the fibre end face where measurements are to 
take place, to such parameters as strain and temperature that makes this interferometer a 
disadvantage for making point measurements at a single position, without some form of 
compensation analysis. 
Although the Michelson interferometer does suffer from environmental changes altering 
the optical path length in each of the interferometer arms, it can be deployed, as 
described in section 2.5.6, in a tandem interferometric configuration as a scanning 
reference interferometer. 
 
Interrogation technique 
In a tandem interferometric arrangement, two interferometers, a reference and a sensing 
interferometer, are connected such that light will propagate through one, followed by 
the next.  In section 2.5.6, tandem interferometry was described as a sensing 
configuration with examples given for the measurement of length.  In most cases the 
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reference, or scanning, interferometer is a Michelson interferometer, keeping one arm 
length fixed whilst altering the OPL of the secondary arm. 
In the case of this research the tandem arrangement of Fabry-Perot cavities is connected 
to a scanning Michelson interferometer which is used in the determination of the 
differential mismatch of the cavity lengths, Δ.  The Michelson interferometer, as shown 
in Figure 4.2, is an all optical fibre arrangement using a 50/50, 2×2 coupler as a means 
of splitting the input light equally down the two arms. 
 
 
Figure 4.2: Schematic of the scanning Michelson interferometer used in providing an 
optical path length change. 
 
As described in section 3.5.4, when the OPL mismatch between the two arms of the 
Michelson interferometer is zero, interference fringes are generated, the characteristics 
of which are as a consequence of the broadband light source.  This interference packet 
can be referred to as the zero order fringes.  In the case of this research, as the OPL is 
increased due to the change in path length of one of the interferometer arms, further 
interference fringes, known as the first order fringes, occur when the mismatch in length 
is equal to that of the mismatch in length between the Fabry-Perot micro cavities.  This 
is the differential length of interest and can be calculated by monitoring the OPL change 
in the arm of the Michelson interferometer between the zero order and first order 
interference fringes. 
As the differential length is determined through the change in the optical path of the 
Michelson interferometer, it is important to accurately determine such a change.  For the 
case of a bulk optic Michelson, the path length can be altered by mounting one of the 
optical mirrors on a linear translation stage which can propagate back and forth.  The 
stage can be made to move a fixed distance from which the length change can be 
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calculated.  One method of altering the OPL, without the use for an external mirror and 
translation stage, would be to stretch the fibre with the use of a piezo stretcher as 
discussed in section 3.7.  In order to monitor the change in length caused by using a 
piezo stretcher, one could measure the change in length caused when the maximum 
voltage is applied and determine a unit length change per applied voltage, and simply 
monitor the voltage.  As will be discussed later in the chapter however, the piezo 
expansion is in many cases not linear with the applied voltage, and so as an alternative 
method for obtaining the optical length change of the fibre, a laser source can be 
coupled into the Michelson interferometer with the output interference fringes, resulting 
from the changing length, being monitored.  Again, further details of this approach will 
be discussed. 
 
Interferometer fabrication 
As described in the previous section, the Michelson interrogation interferometer was 
constructed using an all optical fibre arrangement, utilising a 50/50, 2×2 coupler to 
separate the light equally into the two arms.  The input light source, once separated, 
propagates through each arm of the interferometer before being reflected via the end 
face of the fibre.  The light then propagates back into the coupler and throughout the 
remainder of the system.  To prevent light from transmitted back into the source, an 
optical isolator is used between the source and the coupler, thus eliminating any 
possibility of the reflected light affecting the optical performance of the source due to 
optical feedback. 
In section 3.5 the properties of a low coherent light source were introduced, in particular 
the coherence length of such a source.  As was explained, in order for the interference 
fringes of a low coherent light source to be observed, the optical path lengths of the 
interferometer arms must be matched to within the coherence length of the source.  
When dealing with laser light sources this does not present a problem as the coherence 
length of such sources can be in the range of kilometres, however when using 
broadband light sources, the optical path lengths may have to be matched to within 10’s 
of micrometers.  In the case of the research poised here, the optical path lengths would 
have to be matched to within 27.02 µm. 
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The individual arm lengths of the Michelson interferometer are relatively long, in the 
region of 15 meters each, due to the coiling around the piezo stretcher, the process of 
which will be discussed in the following sections.  This presents a difficult task in not 
only accurately measuring but also cleaving these to within micrometers of one another.  
The first stage would be to measure the fibre length to within roughly 1-2 mm of each 
other.  This can be achieved by simultaneously measuring out the lengths by hand 
applying an equal, or near equal, strain to each fibre.  Equal strain is applied to both 
fibres preventing additional expansion in one compared with the other when measured 
over 15 meters.  For example, from equation 4.1, if a 10 g tensile load is applied to an 
initial fibre length, l, of 15 meters, the resultant length change, Δl, of the fibre would be 
~1.6 mm. 
 
 
 
E
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l
.
  (4.1) 
 
Where F/A is the applied force per unit area and E is the Young’s modulus of the fibre, 
72 GPa. 
Having cleaved the fibre ends of the interferometer to provide a Fresnel reflection, there 
are two methods available to determine the mismatch between them.  The first, and 
probably simplest method, would be to couple a broadband source into the 
interferometer and, using an OSA operating with a monochromator and diffraction 
grating arrangement, observe any interference pattern as a result.  The interferogram 
generated would be in the form of that illustrated in Figure 2.20.  The differential length 
of the two interferometer arms can be found using equation 2.13, the free spectral range 
(FSR) technique. 
Using the refractive index of the core of an optical fibre, 1.4682 @ 1550 nm (4), the 
length difference between the Michelson interferometer arms can be found.  The 
disadvantage of obtaining the length mismatch using this approach is that it is not 
known as to which interferometer arm is longer than the other.  In order to overcome 
this problem it is possible to stretch one fibre length and observe whether the 
interference fringe spacing increases or decreases.  An increase in fringe spacing 
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indicates the differential length is moving closer to zero, thus the fibre being stretched 
must be the shorter of the two. 
An alternative method would be that shown in Figure 4.3 whereby again a broadband 
source is coupled into the interferometer however in this case, as opposed to using an 
OSA to monitor the output a simple InGaAs detector is used.  Positioning a mirror on a 
movable translation stage perpendicular to the end face of one optical fibre arm, and 
increasing the gap length between the mirror and the fibre end to effectively increase the 
path length of that particular interferometer arm, interference fringes will be detected 
when the mirror passes through the point of equal optical path length between the two 
interferometer arms.  Measuring this gap length and using the fibre refractive index, the 
fibre differential length can be determined.  It is important to take into consideration the 
generation of fringes that will occur when the mirror is first moved away from the fibre 
end face due to the formation of a Fabry-Perot cavity within the coherence length of the 
source. 
 
 
Figure 4.3: Arrangement for measuring path length imbalance between the arms of a 
Michelson interferometer.  A mirror mounted on a linear translation stage is moved 
away from the end face of the optical fibre to a position where interference fringes are 
detectable on the photodiode.  At this position the optical path lengths are equal. 
 
There is again a disadvantage with applying this method in that as it is initially 
unknown as to which fibre length is longer, it could be possible that the mirror is 
initially positioned at the incorrect fibre.  Such would be known if no interference 
fringes are observed as the mirror gap length increases.  A further disadvantage is the 
loss of light coupled back into the fibre as the mirror gap increases.  For a large 
mismatch in arm length to begin with, the signal may become too weak as the mirror 
gap increases and the interference signal may be lost within the background noise. 
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In order to selectively remove the correct amount of fibre having obtained the length 
mismatch information and which interferometer arm is greater in length, a setup as 
shown in Figure 4.4, involving a fibre cleaver, microscope, translation stage and LVDT, 
was constructed. 
 
Figure 4.4: Arrangement for removal of specific fibre length. The microscope is used to 
view the fibre location above the cleaver blade whilst monitoring via the LVDT, the 
fibre length inserted to be removed. 
 
Arranging the microscope over the fibre cleaver such that the cross-hairs are focussed 
on the cleaving blade, the edge of the optical fibre to be cleaved is aligned with that of 
the cleaver blade.  Having mounted the optical fibre on the movable translation stage, 
the LVDT is used to observe the fibre length fed through the cleaver in order to 
accurately measure the length of fibre being removed.  The LVDT, the operation of 
which was described in section 2.3, has a digital resolution of 1 µm making it suitable 
for the required measurement in order to achieve the matched interferometer arm 
lengths to within the coherence length of the light source.  Figure 4.5 shows the 
experimental arrangement used within the lab for the removal of specific fibre lengths. 
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Figure 4.5: Lab arrangement used for accurate optical fibre length removal. 
 
When coupled light into the Michelson interferometer interacts with the end face of the 
optical fibre at the fibre-air interface, the resultant reflection is due to the 3.6% Fresnel 
reflection, hence a significant amount of light is being lost through transmission at the 
fibre end.  This has implications on the signal-to-noise throughout the remainder of the 
system and so it is therefore beneficial to maximise the return signal at this interface.  
As the end face of the fibre interferometer does not have an effect on the differential 
measurement being made, these fibre ends can be coated with a reflective layer in order 
to increase the reflectivity from 3.6% to a value nearing 100%, and thus increase the 
signal strength in the system.  Silver was chosen as the reflective layer to be coated 
having an average reflectivity > 97.5% at 1550 nm (5).  
There are a number of different methods that can be used for applying a silver coating to 
a fibre end.  One approach involves the use of thermal evaporation carried out in a 
vacuum chamber (6).  This method has the advantage that a silver coating can be evenly 
applied to the fibre ends and depending on the particular vacuum chamber the applied 
thickness can be monitored whilst coating.  Figure 4.6 shows a fibre end coated with a 
200 nm layer of silver, providing a potential reflectivity > 97.5%.  This image was taken 
using a Leica microscope model DM6000M, illuminating the fibre end surface using 
front illumination for imaging purposes. 
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The disadvantage of using such a coating technique is the size of the vacuum chamber, 
which in some cases can be relatively small.  As the fibre ends need to be coated once 
the lengths have been matched in length, the full Michelson interferometer arrangement 
needs to be inserted into the vacuum chamber or alternatively a feed through could be 
used.  In both cases this may be tricky in order to avoid any damage to the fibre lengths. 
 
 
Figure 4.6: Silver coated fibre end via thermal evaporation method. This image was 
taken using a Leica microscope model DM6000M using front illumination. 
 
An alternative method for silver coating an optical fibre end is a chemical approach, 
which is often used in the fabrication of silver mirrors (7).  This method involves the 
combination of silver nitrate, potassium hydroxide, glucose, and ammonia in order to 
create a silver solution in which the fibre ends can be submerged in producing a 
mirrored finish on the fibre surface. 
As with thermal evaporation, the chemical approach creates an even silver layer over 
the face of the cleaved optical fibre providing a high reflectivity at the interface.  This 
method also prevents the need to condense the Michelson interferometer into a small 
space and it is simply the fibre ends which need to be submerged within the silver 
solution.  The slight disadvantage with using this technique is the uncertainty in the 
thickness of the silver layer as without any protection, a thin silver layer may oxidise 
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over time, reducing the film reflectivity.  Figure 4.7, again taken using a Leica 
microscope model DM6000M illuminating the fibre end surface using front 
illumination for imaging purposes, shows a silver coated optical fibre which, over time, 
has been affected by oxidisation. 
 
 
Figure 4.7: Silver coated optical fibre affected by oxidisation due to no protection and 
prolonged exposure to air. This image was taken using a Leica microscope model 
DM6000M using front illumination. 
 
Oxidation of the silver layer will occur over time causing the silver to tarnish.  For 
silver thicknesses of 200 nm the oxidation may occur on the outer surface and may not 
penetrate through to the fibre/silver interface, thus not having an effect on the 
reflectivity.  It would still, however, be prudent to limit this effect.  A technique to 
prevent oxidisation of the silver layer would be to immediately coat the fibre end in a 
protective layer, for example, some form of lacquer or adhesive, once the silver process 
is complete. 
Table 4.2 shows the input power to the Michelson interferometer and the power output 
with bare fibre ends (~3.6% reflectivity) and with silver coated fibre ends (> 97.5% 
reflectivity assuming maximum return at 1550 nm (5)). 
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 Power (mW) 
Input into the Michelson interferometer 9.671 
Output from the Michelson 
interferometer with bare fibre ends 
(~3.6% reflectivity) 
0.110 
Output from the Michelson 
interferometer with silver coated fibre 
ends (> 97.5% reflectivity) 
3.229 
 
Table 4.2: Power measurements from a Michelson interferometer for different fibre end 
reflectivities. 
 
From the values obtained in Table 4.2, of the output intensity for the two Michelson 
interferometer end reflectivities, if the output with an end reflectivity of 3.6% is 
0.110 mW it can be calculated that with a 100% reflectivity the output should measure 
3.056 mW.  As the output of the Michelson with the silver coated fibre ends measures 
3.229 mW this would suggest that the reflectivity of the silver layer is >100%, which is 
not possible.  The increase in power could possibly be as a result of reduced bend losses 
within the system, a consequence of necessary loops of fibre being removed from the 
piezo stretcher between the two measurements in order to provide suitable lengths 
during the silver coating procedure.  The removal of fibre from the piezo stretcher 
would subsequently remove bend losses associated with it, which would have been 
present during the measurement with the bare fibre ends. 
It can be stated that a very high reflectivity is achieved due to the silver coating and as 
such the resultant increase in output power therefore increases the signal strength 
throughout the interrogation system. 
 
Piezo fibre stretcher 
For the purpose of this research, the interrogating Michelson interferometer is used as a 
scanning reference interferometer, and is used as a means of determining the OPL of a 
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secondary interferometer.  In order to achieve a measureable OPL change of the 
Michelson interferometer the length of one of the interferometer fibre arms is altered 
with respect to the other through a means of stretching.  This stretching of the fibre 
length is achievable via the use of a fibre stretcher in the form of a piezoelectric tube 
(8), around which the fibre length is coiled. 
Construction of the piezo fibre stretcher was implemented ‘in-house’ and had to be 
carried out prior to the measurement and cleaving of the two fibre lengths to achieve a 
matched length within the coherence length of the broadband light source.  This is as a 
means of avoiding damage to the fibre lengths or the reflective coating on the fibre ends 
during the coiling process.  The task of constructing such a device was not a simple one 
as an equal continuous strain had to be applied to the fibre length during the winding of 
the fibre such that there would be an even distribution around the piezo ceramic tube, 
and to prevent any loose fibre loops.  With the full 15 m fibre length suspended from a 
height of ~ three storeys, and with a small mass attached to the fibre end as a means of 
applying a continuous strain, the piezo ceramic tube was manually rotated slowly in 
order to wrap the fibre with a compact and even distribution along its length of 25 mm.  
The fibre was held in place using adhesive as to limit the expansion effects of the piezo 
ceramic material with applied voltage. 
In order to achieve a large range over which the Michelson fibre arm length could be 
stretched, a significantly high voltage, however not exceeding the maximum applicable 
voltage of 1500 volts for the piezoelectric tube used, must be applied.  Considering that 
the outer diameter of the piezoelectric tube will only increase by a small amount, even 
with a large number of fibre turns around it, it would still require a great voltage level in 
order to achieve a range in the order of hundreds of microns.  The use of a high voltage 
amplifier can help in achieving the desired voltage level by which the tube can be 
suitably expanded.  The high voltage amplifier used in this work was supplied by 
Applied Kilovolts Ltd (9), having an input up to 10 V with an output up to 2.5 kV at 
4 mA. 
In order to drive the voltage amplifier and in turn the piezoelectric fibre stretcher, a 
signal generator was used to create a triangular waveform allowing the voltage to ramp 
up and down periodically.  Although, for the purposes of this research, it is only the 
rising voltage that is of interest in order to increase the OPL of the fibre, to avoid 
ringing of the piezoelectric tube and to allow full discharge before applying a forward 
112 
 
bias voltage again, the reverse voltage is decreased gradually.  It is for this reason that 
the signal generator is used in producing a symmetric triangular waveform as oppose to 
a saw tooth waveform with a rapid decline from the maximum to the minimum voltage 
level. 
One drawback to using a piezoelectric tube as a method of increasing the OPL of the 
Michelson interferometer arm through stretching of the fibre length is the non-linearity 
of the piezo ceramic.  In an ideal situation, the change in the tube thickness would scale 
linearly with the applied voltage.  This is unfortunately not the case, and so although it 
is a fair assumption to say that when the maximum voltage is applied, the fibre length 
will have increased by a known factor, it is not correct to assume that by simply 
applying half the voltage the fibre will increase in length by half this factor.  It is for this 
reason that alternative methods of monitoring the change in fibre length whilst the 
piezoelectric tube is expanding need to be implemented.  It is also important to monitor 
the changing OPL of the fibre as during the expansion process, as a result of the varying 
voltage through it, thermal effects as a result of a temperature increase may cause the 
piezoelectric tube to expand.  One such monitoring method which was utilised and will 
be discussed in Chapter 5 involved the analysis of an interference pattern produced via a 
DFB laser source at a different wavelength to that of the broadband light source whilst 
the Michelson interferometer path length is altering. 
 
Temperature stabilisation 
When using a tandem interferometric arrangement in which the measurement is 
dependent on a reference interferometer, it is important to keep the arms of this 
interferometer stable and isolated from environmental factors such as temperature and 
pressure which could cause the optical path length of the interferometer arms to change.  
Temperature affects in particular could have a significant effect on the optical path 
length with fused silica having a thermal expansion coefficient of 0.55×10-6/°C (10). 
Each of the two Michelson interferometer arms must be temperature stabilised such that 
any temperature alterations in the surrounding vicinity will be equally distributed across 
both interferometer arms.  In this case the only change in optical path length between 
the two would be as a result of the changing dimensions of the piezoelectric fibre 
stretcher with applied voltage. 
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Temperature stabilisation can be achieved through packaging of the Michelson 
interferometer within the inner of two thermally insulated foam boxes.  By creating an 
air gap between the two insulation boxes and with the use of resistive heating pads, in 
the arrangement shown in Figure 4.8, and a small 12 V electric fan, warm temperature 
stabilised air can circulate evenly around the inner of the two boxes.  
 
 
Figure 4.8: Schematic of the resistor arrangement used in the heat pads for controlling 
the temperature of Michelson interferometer. 
 
Using such an arrangement should limit the temperature changes within the inner 
isolation box due to changes in temperature of the surrounding area.  A secondary 
technique of placing a large thermal mass within the inner isolation box will also 
mitigate the effects of temperature changes. 
As a means of controlling the temperature to which the resistive heating pads are driven 
to, a CAL9000 temperature controller is used.  This unit operates through measurement 
of the current temperature via a PT100 sensor, and passing a current through the 
resistive heating pads depending on the temperature difference between the measured 
value and the desired value controllable via the unit. 
As previously stated, it is important to limit the effects of temperature changes to the 
Michelson interferometer, or to ensure that any temperature alterations will be 
distributed equally over the two fibre arms of the Michelson interferometer.  This is 
carried out as a means of reducing unwanted changes in the measurable OPL which may 
result in inaccurate measurements of the differential path length of interest.  Figure 4.9 
shows the measured temperature at three separate positions within the inner isolation 
box, which housed the Michelson interferometer, and the surrounding laboratory 
temperature over a period of 3 days. 
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Figure 4.9: Measured temperature of the Michelson box at three separate locations, and 
the surrounding laboratory to demonstrate temperature stabilisation. 
 
As in can be seen from the data in Figure 4.9, even with the measures taken to 
temperature control the air surrounding the Michelson interferometer, the temperature 
changes within the lab still have an effect of the temperature changes which occur 
within the inner isolation box.  This, due to the thermal expansion of both the fibre 
fused silica and the piezoelectric tube material, could result in changes in the optical 
path length between the two Michelson interferometer arms.  It is, however, also 
observable from this data that the temperature variation within the Michelson 
interferometer box changes equally at all three measurable locations.  This suggests that 
although a constant temperature could not be achieved, the temperature change is 
equally distributed surrounding the reference Michelson interferometer, and therefore 
any expansion in fibre length as a result of this change will be equal over both arms. 
 
4.2.2. Tandem Fabry-Perot’s 
In section 4.2 the full configuration for a sensing system to measure the differential 
length of two individual Fabry-Perot cavities was described.  This was then followed 
with a detailed description of the arrangement and application of the Michelson 
interferometer and how this was implemented as a reference measurement. 
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In this section, the remainder of the sensing configuration after the light has propagated 
through the Michelson interferometer will be discussed.  The Fabry-Perot cavities and 
their arrangement will be examined, as will the limitations behind the measurable 
lengths and the analysis in determining the differential length required. 
 
Tandem Fabrication 
In order to measure the differential length between two individual Fabry-Perot cavities, 
it would be possible to simply measure each cavity separately and obtain the difference.  
In taking the measurement in this way, there are introduced uncertainties in both 
individual measurements, with the overall error in measurement a result of the two 
separate error measurements being taken.  As a means of removing this double error and 
allowing the measurement to be dependent of one single error uncertainty, the two 
Fabry-Perot cavities can be arranged in tandem with one another.  In this instance, the 
light will propagate through one cavity first, before propagating through the second.  In 
doing so this creates a third measurable cavity, the length of which is the difference in 
lengths of the individual two. 
One method, and probably the simplest, for connecting the Fabry-Perot cavities in a 
tandem arrangement, is to use two 50:50 2×2 couplers as shown in Figure 4.10. 
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Figure 4.10: Schematic of the tandem arrangement of the Fabry-Perot sensing cavities 
using two 50:50 2×2 couplers.  The black line shows the optical fibre leads with the 
blue and red lines tracing the two possible paths through which the light can propagate.  
The insert shows the interactions of the two light paths with the individual Fabry-Perot 
sensing cavities and the differential length, Δ, to be measured. 
 
Upon exiting the reference Michelson interferometer, the broadband light is split via the 
first 2×2 coupler sending half the power to the first sensing cavity, l1, and half down the 
unused coupler arm.  
Index matching gel, a substance having a refractive index similar to that of fused silica, 
is applied to the fibre end of the unused coupler arm to eliminate any Fresnel or 
scattered reflections that may occur from the fibre end.  The elimination of any such 
reflections is a necessity as this could result in the generation of additional unwanted 
cavities, detectable through the scanning Michelson interferometer, and could cause 
anomalies in the desirable length measurement. 
After reflection via sensing cavity l1, the propagating light travels back via the first 
coupler and through the second.  Similarly with the first coupler, the light is equally 
split along the two coupler arms, half interacting with sensing cavity l2, and half through 
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the unused coupler arm and removed from the system with the use of index matching 
gel.  
The resulting interference fringes from the light interactions with the two sensing 
cavities are detectable via an InGaAs photodiode. 
The component configuration described above and as shown in Figure 4.10 is the 
simplest arrangement for connecting two Fabry-Perot cavities in tandem with one 
another.  It is however not the most convenient method due to the high signal loss 
experienced.  The 2×2, 50:50 couplers, combined in such a way, along with the index 
matching gel to remove the signal and prevent any back-reflections from the two unused 
coupler arms means that at most only 6.25% of the light entering through the Michelson 
interferometer is detectable via the InGaAs photodiode assuming perfect reflectivity of 
the mirrors in the Fabry-Perot cavities and maximum re-coupling of the light into the 
optical fibres at the two Fabry-Perot cavities, which is known not to be the case.  This is 
also not taking into consideration the insertion losses of the optical couplers. 
One approach to improve the signal strength detectable and to reduce or even eliminate 
any light lost or removed from the system, would be in replacing the existing 2×2 
couplers with 3-port circulators. 
Replacing the 2×2 coupler with a 3-port circulator removes the unnecessary unused arm 
in which 50% of the light was being lost out of the system.  The 3-port circulator also 
allows almost all the light, taking into account the component isolation loss, to 
propagate to the sensing cavities, and the reflected light to propagate throughout the 
remainder of the system.  
The configuration using two 3-port circulators dramatically improves the detectable 
signal strength and thus reduces the noise level in order to more accurately determine, 
as will be described later, the centre of the interference fringes.  A further improvement 
to this arrangement would be to replace the two 3-port circulators with one single 4-port 
circulator, shown by the final sensing configuration in Figure 4.11. 
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Figure 4.11: Schematic of the final sensing arrangement of the tandem Fabry-Perot 
cavities using a 4-port circulator.  The black line shows the optical fibre leads with the 
blue and red lines tracing the two possible paths through which the light can propagate.  
The insert shows the interactions of the two light paths with the individual sensing 
cavities and the differential length, Δ, to be measured. 
 
In using this circulator there will be the removal of unnecessary insertion losses that 
would be present when using the arrangement consisting of the 3-port circulators, 
however there will still be insertion losses in the new arrangement.  As well as 
eliminating these insertion losses, the sensing section of the system is now only reliant 
on one single component as oppose to two, removing the need for fibre splices between 
components which may incur losses. 
A typical optical circulator consists of micro optical components operating in a similar 
fashion to that of an optical isolator.  The reflectivity within this micro optic system is 
minimised with the use of anti-reflective coatings preventing the formation of OPL’s 
within the coherence length of the light source being used.  In many cases the optical 
components include a Faraday rotator in which light travelling in one direction through 
the rotator has its polarisation rotated in one particular direction.  Therefore it can be 
arranged such that light propagating into one of the circulator ports will only be 
transmitted to the adjacent port; for example in Figure 4.11, light travelling into the 
circulator via the port 1 fibre will only transmit via the port 2 fibre.  This has the 
119 
 
advantage over an optical coupler as the full propagating signal is transmitted to the 
Fabry-Perot sensing cavities sequentially without any power splitting ratio.  The 
circulator also acts as a form of optical isolator preventing any reflections transmitting 
back through the system. 
As shown by the red and blue coloured traces, both propagating light paths interact with 
the two sensing cavities l1 and l2, resulting in the generation of the differential path 
length of interest, Δ. 
A burst of interference fringes will occur when the OPL difference between the two 
arms of the Michelson reference interferometer is equal to the OPL difference between 
the two Fabry-Perot cavities, Δ.  This however is not the only condition in which 
interference fringes can occur.  Interference fringes can result from an equal OPL 
difference between any two optical lengths that are matched to within the coherence 
length of the light source being used.  This will therefore lead to limitations in the initial 
arrangement of the Fabry-Perot sensing cavities. 
In order to determine the length difference of the two Fabry-Perot sensing cavities, the 
length change in the Michelson reference interferometer from the position where fringes 
are generated due to equal arm lengths to the position where fringes are generated due 
to the Michelson interferometer arm mismatch being equal to the modulus difference in 
cavity length is calculated.  It is therefore important that the interference fringe packets 
from the two events do not overlap in such a way as to interfere and cause deformations 
in the fringe packet envelope, resulting in errors in the determination of the central 
fringe position.  To reduce or eliminate the effects of superimposing interference 
fringes, the minimum differential length of the two sensing cavities must be greater than 
the coherence length of the broadband light source being used, in this instance, 
27.02 µm. 
The Fabry-Perot cavity length is also limited by the scanning range of the piezo fibre 
stretcher.  As stated above, interference fringes are observed when the mismatch in 
length of the Michelson interferometer arms is matched within the coherence length of 
the source to any other OPL within the system configuration.  To prevent interference 
fringes from being observed when the Michelson interferometer arm mismatch is equal 
in length to one of the individual sensing cavities, the length of the smallest Fabry-Perot 
cavity must be made greater than the scanning range of the piezo fibre stretcher. 
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Table 4.3 details the initial length parameters which have to be adhered to as a means of 
avoiding unwanted interference fringe superimposition due to the Fabry-Perot cavity 
limitations in terms of the light source coherence length. 
 
Michelson scanning range: y 
Light source coherence length: lc 
Maximum differential length: Δlmax 
l1(initial) = y + lc 
l2(initial) = l1(initial) + 
Δlmax + lc 
 
Table 4.3: General Fabry-Perot initial cavity lengths, l1 and l2, due to the limitations set 
by the coherence length, lc, of the light source to be used, the scanning range of the 
Michelson interferometer, y, and the maximum differential length, Δlmax. 
 
These limitations have a drawback on the system power being observed via the InGaAs 
photodiode, as the greater the cavity length of the Fabry-Perot’s, the less light there will 
be coupled back into the fibre end due to the light spread effect from the fibre end, as 
described in Chapter 3. 
An approach to improve the coupling ratio between the fibre and the Fabry-Perot cavity 
would be to use a gradient-index (GRIN) lens on the fibre end.  This type of lens would 
collimate the beam exiting the fibre and provide nearly full coupling into the fibre from 
the reflected beam.  This technique was tested however introduced additional cavities 
into the system which were detectable through the Michelson reference interferometer 
and interfered with the desired length measurement. 
 
4.3. Conclusion 
An all optical fibre arrangement has been designed and constructed based on literature 
reviews in order to provide an ideal solution of measuring differential length to solve to 
problem set at the beginning of this research.  The system is based on two Fabry-Perot 
sensing cavities arranged in tandem with one another, probed by a reference 
interferometer in the form of a Michelson. 
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As a means of scanning the Michelson interferometer to induce an OPL change, a piezo 
fibre stretcher was used.  This was constructed “in-house” through manual winding of a 
suspended fibre length around a piezo ceramic tube.  With a mass attached to the fibre 
end to create a continuous applied strain, slow rotation of the piezo ceramic tube 
allowed for a compact and even distribution of the optical fibre along its 25 mm length.  
Due to the long lengths required in the Michelson interferometer arms, to allow for 
significant coiling around the piezo material, measuring these to within the coherence 
length of the broadband light source used proved difficult.  This was carried out 
however using interference measurement techniques in the form of FSR measurements, 
and also with the use of mechanical tools such as an LVDT, to accurately measure the 
lengths to within the coherence length of 27.02 µm. 
An approach for application of a silver coating to the fibre end substrate of the 
Michelson interferometer arms was introduced.  This procedure was to increase the 
fibre end reflectivity from the already existing Fresnel reflection of 3.6% to > 97.5%.  
Achieving this increased the signal output of the Michelson interferometer and 
improved the signal strength propagating through the remained of the system. 
The arrangement of the tandem Fabry-Perot interferometer sensing cavities was carried 
out using a 4-port circulator.  This approach was selected over alternatives involving 
2×2 couplers and 3-port circulators as a means of removing unnecessary component 
isolation losses and additional splice losses which would reduce the signal strength and 
thus reduce the measurement quality. 
There is however limitations in the cavity lengths of the Fabry-Perot interferometers 
arising due to the conditions by which interference fringes will be observed as a result 
of the broadband light source used for interrogation purposes.  Length limitations of the 
Fabry-Perot cavities, set by the broadband source coherence length, are detailed in 
Table 4.3. 
Environmental stability surrounding the Michelson interferometer was described and a 
method of stabilisation was implemented.  The results demonstrated that although 
temperature stabilisation to within >1°C could not be achieved due to the temperature 
variation of the laboratory, this is not a critical aspect, provided that the temperature 
variation surrounding the Michelson is, over time, equal at all positions.  This was 
demonstrated by recording the temperature at separate locations of the Michelson 
interferometer. 
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Temperature stability surrounding the Michelson interferometer is necessary during the 
process of an OPL change within the system, performed by scanning the voltage 
through the piezo fibre stretcher, to prevent unwanted thermal expansion of the fibre.  It 
should be noted however that with the inclusion of a separate reference measurement, 
from which the change in OPL in determined, details of which will be provided in 
Chapter 5, temperature stability is not as essential due to the unlikely situation of such a 
rapid change in the surrounding environment during the scan time of 10 seconds. 
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Chapter 5: Differential Length Analysis 
 
5.1. Introduction 
The problem set for the topic of this research was the development of a sensing 
arrangement for the differential measurement of two widely separated, independent 
lengths.  A potential solution to this using an all fibre optic configuration with the 
measurement being made based on interferometric techniques was considered.  In 
Chapter 4, the elements of such a fibre optic sensor capable of measuring the 
differential length of two Fabry-Perot cavities arranged in tandem were described. 
Chapter 4 began by showing the full sensing arrangement, and then investigated each 
individual section which would have an effect on how the measurement would be made.  
The final sensing configuration was chosen due to the benefits of observing just the 
cavity differential and not the two separate cavities individually.  The system would 
also have the benefit of insensitivity on the optical fibre interconnecting leads due 
environmental effects such as temperature and pressure, due to the tandem arrangement 
of the cavities. 
In this chapter, the system characterisation with respect to the operational light sources 
being used will be discussed.  Here the measurement techniques that have been 
described in previous chapters will be implemented and results given.  This chapter will 
also consider the analysis techniques as a process of determining accurate 
measurements.  Finally, methods in which the sensing configuration could be refined 
will be discussed with particular attention on noise within the sensing arrangement. 
 
5.2. Light Sources 
In the previous chapter, an optical fibre arrangement, as shown in Figure 4.1, was 
described as a method of deriving the differential length of two Fabry-Perot cavity 
lengths, when at widely separated locations, in differing environments. 
In order to make such a measurement with the accuracy required, two separate light 
sources are to be used, with the arrangement utilising the properties of interference 
effects for each individual source.  A broadband light source is used as a means of 
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providing the locations between which the desirable differential length of the sensing 
cavities is to be measured.  An additional light source in the form of a DFB laser is used 
as a reference, through which the differential length measurement can be deduced 
through a process of fringe counting analysis, as will be discussed in subsections of 
section 5.2.2. 
 
5.2.1. Low coherence light source 
Light will experience interference effects and create fringe patterns when the interfering 
path lengths are matched to within the coherence length of the source.  For the case of a 
broadband light source, the coherence length can be extremely small, down in the orders 
of microns, making it ideal for use in the measurement of the short lengths that will be 
investigated in this project. 
For the investigation carried out of a sensing system used for the measurement of 
differential length one light source considered was an EBS30 Series Broadband Light 
Source, centred at 1572.3 nm, supplied by Exalos (1).  The spectral profile of this 
particular light source is shown in Figure 5.1, measured using an Advantest OSA model 
Q8384.  This particular OSA operates using a monochromator and diffraction grating 
arrangement, as described in section 2.5.3, to scan through the desired wavelength 
range. 
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Figure 5.1: Spectral profile of an EBS30 Series Broadband light source centred at 
1572.3 nm, measured using an Advantest OSA model Q8384. 
 
As can be seen from the figure above this broadband light source, which has a -3dB 
band width of 117.6 nm, does not have a typical Gaussian profile since this source is in 
fact composed of two separate broadband sources at differing central positions, coupled 
together at the output.  Although this light source does have a large spectral width and 
thus the resulting interference pattern generated would be narrow due to the short 
coherence length of 14.32 µm ± 0.076 µm, the envelope will result in the interference 
fringes shown in Figure 5.2.  The coherence length was calculated using equation 3.22 
with the error determined due to the variation of 0.60 nm in the measured -3dB band 
width.  Figure 5.2 was obtained by illuminating the Michelson interferometer with this 
light source and scanning one of the arms through the position of zero OPL difference 
by increasing the voltage applied across the piezo fibre stretcher, monitoring the output 
intensity via an InGaAs photo-diode.  The effect of a non-Gaussian profile on 
interference fringes has been previously reported (2).  Due to the shape profile of the 
resulting interference fringes locating the central position of the fringe packet can be a 
difficult task. 
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Figure 5.2: Effect of a non Gaussian spectral envelope of interference fringes during the 
scanning of optical path length.  The interference pattern obtained is through 
illuminating the Michelson interferometer with the non-Gaussian light source and 
monitoring the intensity output via an InGaAs photo-diode whilst scanning one of the 
interferometer arms through the position of zero OPL difference via an increased 
voltage change across the piezo fibre stretcher. 
 
With the existence of side lobes in the interference pattern, the Fabry-Perot cavity 
lengths could be affected, as overlap of the differential cavity length fringes and the 
Michelson interferometer reference fringes could superimpose.  If it is desirable to use a 
multi-source broadband light source, methods such as the use of a tailor made fibre 
Bragg grating could be used to provide a near Gaussian spectrum.  This however would 
incur additional charges. It was for these reasons that the remainder of the investigation 
would be carried out using a SLED light source, again provided by Exalos (1), centred 
at 1542.8 nm with the spectral profile illustrated in Figure 5.3.  This spectrum was 
measured using an Advantest OSA model Q8384. 
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Figure 5.3: Spectral profile of the Exalos supplied broadband light source used for 
research centred at 1542.8 nm, measured using an Advantest OSA model Q8384. 
 
With a -3dB band width of 60.0 nm, this particular light source will experience 
interference effects when the optical path lengths of the measurand in question are 
matched to within the coherence length, measured within the fibre core, of 
27.02 µm ± 0.31 µm.  The coherence length was calculated using equation 3.22 with the 
error determined due to the variation of 0.70 nm in the measured -3dB band width. 
The coherence length of the source can also be determined through measurement of the 
resulting interference fringes during a scan of the Michelson interferometer.  
Interference fringes are generated when the OPL’s of the two interferometer arms are 
matched within the coherence length, hence by measuring the change in OPL across 
these fringes, the coherence length is found to be half this value.  To verify this the 
change in OPL over one of the interference fringe sets of Figure 5.4 was measured using 
a laser reference source and a fringe counting technique that will be discussed later in 
the chapter.  Following this method the coherence length of the source was measured to 
be 26.52 μm ± 0.89 μm.  This corresponds to the value obtained through calculation 
within the measurement error, found due to the error in determining fringes 
unobtainable due to system noise. 
The broadband light source is used in the sensing configuration as a method of 
determining the location at which the optical path length between the two arms of the 
Michelson interferometer is equal to zero, and the location at which the mismatch in the 
1480 1500 1520 1540 1560 1580 1600 1620
0
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
Wavelength (nm)
P
o
w
er
 (
m
W
)
128 
 
Michelson interferometer arm length is equal to the differential length of the two Fabry-
Perot cavities.  It is the length change, as a consequence of the fibre expansion due to 
the voltage applied through the piezo fibre stretcher, of the scanning Michelson 
interferometer between these two locations that determines the desired differential 
length.  For that reason, the resulting interference pattern, shown in Figure 5.4, as a 
consequence of the system arrangement and the differential length, must be analysed as 
to the conditions from which it arises. 
Figure 5.4 shows the plot of the measured intensity versus the applied voltage to the 
piezo fibre stretcher.  As the voltage through the piezo ceramic increases this induces an 
OPL change in the Michelson interferometer due to stretching of one of the fibre arms, 
whilst the other arm remains constant.  The length change that occurs due to the 
expansion of the piezo ceramic, and the subsequent expansion of the optical fibre length 
coiled around it, cannot be determined through the expansion properties of the ceramic 
material as a consequence of nonlinear effects with voltage, hysteresis with expansion, 
and the external force of the coiled fibre length acting against the ceramic.  
Determination of the change in the optical fibre length, between the two measurement 
locations of interest, will be found through use of the additional DFB laser light source 
propagating through the Michelson interferometer, analysing the interference effects of 
such light.  Further details of which will be provided in section 5.2.2. 
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Figure 5.4: Interference fringes due to the characteristics of the Exalos broadband light 
source from the complete sensing configuration.  The intensity is plotted against the 
applied voltage through the piezo fibre stretcher which induces an OPL change, the 
length of which will be determined through interference analysis of the additional 
1310 nm DFB laser source.  With reference to Figure 4.1, interference fringe packet A 
results due to equal optical path lengths of the scanning Michelson interferometer 
(x1=x2), and interference fringe packet B results from the modulus of the differential of 
the Michelson interferometer arms being equal to the modulus of the differential of the 
two Fabry-Perot sensing cavities (|x1-x2|=|l1-l2|). 
 
Figure 5.4 shows the interference pattern, measured via an InGaAs photodiode at the 
output of the system, as a consequence of two Fabry-Perot cavities arranged in tandem 
with a connecting Michelson interferometer illuminated with a broadband light source.  
In order to provide a changing OPL one of the Michelson interferometer arm lengths is 
increased due to the increasing voltage through the piezo fibre stretcher.  With reference 
to Figure 4.1, the first set of interference fringes, A, of Figure 5.4, results when the 
optical path lengths of the two Michelson interferometer arms, x1 and x2, are equal. 
Keeping one arm constant, interference effects are observed when the OPL of the 
changing fibre arm matches that of the stationary one within the coherence length of the 
broadband source used.  In order to account for any external factors which may affect 
the change in OPL, both fibre lengths of the Michelson interferometer arms are 
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positioned within a stable environment, or an environment in which both fibre lengths 
will experience the same effects. 
It is at the position of equal OPL’s of the two Michelson interferometer arms that the 
start of the reference measurement for determining the final differential length is made.  
In order to always have this start reference measurement it is imperative that the initial 
length of the stationary fibre arm of the Michelson interferometer is made slightly 
longer than that of the scanning interferometer arm, such that when the arm length is 
increased, a matched OPL between the two will always be achieved. 
The secondary set of interference fringes, B, is a result of a matched OPL between the 
modulus of the differential length of the Michelson interferometer arms, |x1-x2|, and the 
modulus of the differential length of the two Fabry-Perot sensing cavities, |l1-l2|.  It is at 
this position where the reference measurement will end, with the desired differential 
length of the two sensing cavities being determined by the optical length change of the 
Michelson interferometer arm between the two reference positions determined through 
interference analysis of the DFB laser source. 
 
Low coherent interference fringe analysis 
In order to determine the length by which the fibre arm of the Michelson interferometer 
has been expanded due to the piezo fibre stretcher, between the two reference positions 
found by the interference fringe packets, the central position of each fringe packet must 
be located. 
In Chapter 3, when discussing the theory behind the formation of interference fringes 
when using a broadband light source, techniques for determining the central position of 
the individual fringe packets were discussed.  One of these techniques involved finding 
the position of maximum intensity, the point at which the OPL’s of the interferometer 
are equal.  As described, however, the maximum intensity, particularly when using a 
light source with a spectral width up to 100’s of nm’s, may be difficult to deduce due to 
the closeness of adjacent fringes and the effects of noise within the system.  Using this 
method may result in an offset between the maximum peak intensity and the desired 
fringe packet centre, as was illustrated in Figure 3.15. 
131 
 
As a means of obtaining an accurate estimation of the central position and in order to 
remove the uncertainty as a result of noise, the Hilbert Transform is employed.  The 
Hilbert transform (3), as described in Chapter 3, is a technique that can be used in signal 
processing to extract, in the case of this research, the corresponding envelope of an 
interferogram signal.  By applying the Hilbert transform, using a VI module within the 
Labview computer language, to the resulting interference signal shown in Figure 5.4, 
the signal envelope, as illustrated in Figure 5.5, can be obtained.  The first envelope 
peak at position A corresponds to the interference fringes resulting from the matched 
OPL between the two arms of the reference Michelson interferometer.  The secondary 
envelope peak at B corresponds to the matched OPL between the modulus of the 
differential length of the two Michelson interferometer arms and the modulus of the 
differential length of the two Fabry-Perot cavities. 
 
 
Figure 5.5: Signal envelope of interference fringes shown in Figure 5.4, generated as a 
result of the interaction of the 1550 nm broadband light source with the sensing system, 
found through use of the Hilbert transform. 
 
It is from the signal envelope that the central position of the interference packets can be 
deduced. Using a ‘peak finding’ technique applied to each of the envelope curves from 
the two sets of interference fringes, the central positions can be found and used for 
determining the differential length of the two cavities.  
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The peak detector used for the data analysis is a VI module within the LabView 
programming language, which can be used to find the location, amplitude, and second 
derivative of peaks within a section of processed signal data (4).  The peak detector VI 
function is based on an algorithm that fits a quadratic polynomial to sequential groups 
of data points, specified by a given width.  The purpose of such a given width is to 
remove the detection of unwanted peaks being located where noise spikes may exist 
within the signal under analysis.  For each peak a quadratic fit is applied to consecutive 
data points, the number of which being greater than the width value, above a specified 
threshold value.  If the number of data points above the specified threshold does not 
exceed the width value, the fit is not applied and no peak is detected.  The peak location 
of the polynomial, the position where the derivative is equal to zero, is calculated via 
the VI. 
When recovering the peak positions of the two interference fringe packet envelopes, 
given by the corresponding optical path lengths of the sensing configuration, it was 
found that over a period of time, due to effects of noise, that the determined peak would 
shift, however within the measured data there existed areas whereby no data would be 
recovered.  This effect, which has been previously investigated, is referred to as the 
‘zone of avoidance’. 
In a previous experiment to investigate this phenomenon, the peak find VI was used to 
calibrate the wavelength stability of an OSA monitoring a single wavelength line of a 
hydrogen cyanide (HCN) gas cell. 
These ‘zone of avoidance’ bands are a consequence of the peak width parameter used in 
the peak find routine.  If the width is set to a high value compared to the actual width of 
the peak, then the quality of the fit is degraded.  To combat this problem the data over 
which the polynomial fit is applied is interpolated prior to running the peak find routine. 
Interpolation of the data does not improve on the inherent accuracy of the interrogation 
technique however it does eliminate the discontinuity.  Figure 5.6 shows the recovered 
wavelength line of the HCN gas cell where, (a) no interpolation of the data is carried 
out, and (b) interpolation is carried out on the data. 
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(a)      (b) 
Figure 5.6: Recovered wavelength peak of a HCN gas cell found using the peak find VI 
within the Labview computer program.  Figure (a) shows the recovered wavelength 
with areas of no data, referred to as the ‘zone of avoidance’, due to no interpolation of 
the signal prior to the peak find algorithm.  Figure (b) shows the same data, however 
with interpolation being carried out, and thus no ‘zone of avoidance’ areas. 
 
With a routine in place to accurately determine the peak position of the interference 
fringe packet envelopes and thus the central positions of said fringe packets, the range 
over which the differential length to be measured can be determined due to the reference 
interference fringes as a result of the Michelson interferometer matched arm lengths, 
and the measurement interference fringes as a result of the optical path length equality 
between the differential length of the Michelson interferometer arm lengths due to the 
changing path length of one arm and the differential length of the two Fabry-Perot 
sensing cavities.  
 
5.2.2. Reference measurement 
Having secured a procedure using a broadband light source to determine the reference 
positions between which a differential length of two Fabry-Perot sensing cavities can be 
derived, taking advantage of the effects of interference, it is important to develop a 
technique for accurately measuring the length change between these two positions. 
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When the two Fabry-Perot micro cavities are kept stable, the interference effects 
observed are as a result of the scanning Michelson interferometer through which one of 
the fibre arm optical path lengths in increased due to a piezo fibre stretcher.  Matching 
OPL’s in the Michelson interferometer and matching differential lengths in the 
Michelson interferometer with the differential in the sensing cavities supply the 
positions between which the change in OPL should be measured.  This in turn will 
provide the differential length required of the sensing Fabry-Perot’s. 
With the overall measurement accuracy dependant on the accuracy with which the 
reference measurement can be made, it is imperative that the mechanics of the piezo 
fibre stretcher are known. 
In order to provide a suitably large range over which measurements can be made 
approximately 10 meters of fibre are coiled around a piezo-electric tube 25 mm in 
length with an outer diameter of 38 mm.  Without any fibre coiled around the piezo 
tube, the expansion due to applied voltage could be determined using equation 3.27, 
knowing the piezo material properties.  This equation cannot be used however when the 
fibre length is wound due to the external restriction the ~ 83 turns of fibre will 
introduce.  Even if equation 3.27 could be adapted to compensate for the additional 
force of the fibre, given that the exact fibre length is not known due to expansion of the 
fibre that may have resulted during the winding procedure as a consequence of a 
constant applied strain, and that a fibre length of 10 meters is simply an approximation, 
methods have to be deployed as a means of calibrating the fibre length increase. 
 
Piezo ramp voltage 
One method of determining by how much the coiled fibre length increases with applied 
voltage would be by measuring the differential length of the two Michelson 
interferometer arms, through a means of the FSR measurement technique described in 
section 2.5.5, when no voltage is applied to the piezo material and when the maximum 
voltage is applied.  The length change from these measurements can then be determined 
and fibre expansion per applied voltage can be calculated.  When using this approach, it 
is important to note that in the initial state of the Michelson interferometer the fibre arm 
to be expanded is set to a slightly shorter length than that of the stationary arm to allow 
the expandable arm to pass through the position of equal arm length. 
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This is a suitable technique for determining the fibre expansion per applied voltage 
assuming that the piezo stretcher expansion is linear with applied voltage.  Studies have 
shown however that this is not the case (5).  Figure 5.7, which shows a curve for the 
change in OPL against the change piezo voltage, verifies the non-linear fibre expansion 
with applied voltage for the piezo fibre stretcher used for this research. 
 
 
Figure 5.7: Change in the OPL of the fibre arm of the Michelson interferometer due to 
the expansion of the piezo fibre stretcher with applied voltage.  The length change of the 
fibre is calculated through monitoring the interference fringe effects that are emitted via 
the Michelson interferometer when illuminated with a DFB laser source whilst the OPL 
is changing due to the piezo voltage. 
 
The length change of the fibre was calculated using the fringe counting technique which 
will be discussed in the following sections as a means of determining the differential 
length desired, utilising the interference effects that will be observed due to a changing 
OPL within a Michelson interferometer when illuminated with a DFB laser. 
Figure 5.7 shows that the OPL of the fibre changes more rapidly at the start of the 
voltage ramp when compared to the length change at the end of the voltage ramp.  It is 
for this reason that an alternative method is employed as a means of characterising the 
reference Michelson interferometer. 
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Laser reference source 
As a result of the nonlinear expansion of the piezo stretcher with applied voltage an 
alternative approach for measuring the change in optical path length was implemented. 
With the implementation of a secondary light source in the form of a single wavelength 
laser, the change in optical length of the Michelson interferometer arm can be monitored 
whilst voltage is applied through the piezo stretcher to induce expansion.  Figure 5.8 
shows the monitoring arrangement used of the Michelson interferometer with the use of 
WDM’s to introduce and extract the laser signal. 
 
 
Figure 5.8: Schematic of the arrangement of the Michelson interferometer with the 
incorporated 1310 nm DFB laser source used for monitoring the OPL change during the 
piezoelectric tube expansion. 
 
In Chapter 3 the theory behind the interference effects that are observed when 
illuminating a Michelson interferometer with a light source of single wavelength were 
discussed.  If monitoring the output via an InGaAs photodiode, interference effects are 
not observable when the interferometer is in a stationary state.  Only when the OPL of 
one of the interferometer arms is changing are interference effects detected in the form 
of fringes shown in Figure 5.9.  This therefore provides an ideal solution for 
determination of the length change of the optical fibre between the two reference 
positions due to the expansion effects of the piezo stretcher through the number of 
interference fringes witnessed. 
Figure 5.9 shows a decrease in intensity as the voltage through the piezo fibre stretcher, 
and subsequently the fibre length of the interferometer arm, is increased.  The change in 
the monitored output intensity comes as a result of the change in the polarisation state of 
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the propagating light within the Michelson interferometer due to the changing fibre 
length.  This was verified as alterations to the Michelson polarisation controllers, as a 
means of altering the polarisation state, resulted in differing output intensities for a 
changing OPL.  
 
 
Figure 5.9: Interference fringes as a result of the 1310 nm DFB laser source during 
expansion of the piezoelectric fibre stretcher when the voltage is gradually increased. 
 
Whilst illuminated with a DFB laser the Michelson interferometer arm is expanded due 
to applied voltage to the piezo fibre stretcher, altering the OPL within that arm, whilst 
keeping the secondary interferometer arm length stable.  The DFB laser used has an 
operating wavelength of 1308.17 nm with a wavelength stability of 1.3 pm as was 
monitored via a Burleigh WA-7600 multi wavelength meter. Figure 5.9 shows the 
detected interference fringes monitored via an InGaAs detector whilst the applied 
voltage to the piezo fibre stretcher is ramped at a constant rate from an initial value of 
zero to the maximum value of 750 V. 
Figure 5.7 shows the effects of nonlinearity in piezo expansion with applied voltage.  
The length change in the fibre with applied voltage through the piezo material was 
calculated by observing the number of interference fringes over a given voltage range 
and using the fringe counting technique as will be described in the following section.  
On closer inspection of the interference fringe spacing at different stages of equal 
applied voltage, as illustrated in Figure 5.10 (a), (b), and (c), it can be seen that the 
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fringe spacing increases from when the voltage is first applied (Figure 5.10 (a)) to when 
the voltage approaches the maximum (Figure 5.10 (c)). 
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(a) 
 
(b) 
 
(c) 
Figure 5.10: (a) Interference fringes due to voltage increase from 0-20 V. (b) 
Interference fringes due to voltage increase from 300-320 V. (c)  Interference fringes 
due to voltage increase from 720-740 V.  Increased spacing between adjacent fringes as 
the voltage is increased confirms the nonlinear expansion of the piezo material with 
applied voltage. 
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As has been demonstrated, by using a laser light source to illuminate the Michelson 
interferometer, length changes can be monitored through the analysis of the generated 
interference fringes, removing the uncertainty introduced by the nonlinear expansion of 
the piezo fibre stretcher material with applied voltage.  This additional calibration 
measurement also removes the necessity of having to temperature stabilise the 
Michelson interferometer as the change in the optical path due to the scanning piezo 
fibre stretcher will occur more rapidly than temperature drifts surrounding the system. 
By extracting the resultant interference fringes generated via the 1310 nm DFB laser 
within the Michelson interferometer due to OPL changes in one of the interferometer 
arms and performing a fringe counting technique to precisely determine the number of 
interference fringes, the desired differential length between the two sensing cavities can 
be found. 
 
Fringe counting technique 
Accurate determination of the number of interference fringes occurring as a result of the 
laser light source within the Michelson interferometer is essential for obtaining the 
optical length change taking place between the two broadband light source reference 
positions from the interaction between the Michelson interferometer and the Fabry-
Perot sensing cavities. 
A process has been developed and deployed within the system to determine the exact 
number of fringes as a means of making a final length measurement.  Before this 
procedure is applied the d.c. offset of the interference fringes is removed by taking the 
average fringe intensity and subtracting, to provide a zero crossing point for each fringe, 
such that the number of zero crossing points within the data set can be established using 
a Labview sub VI.  This VI operates by analysing the data, point by point, to establish 
whether the current data value is of the opposite sign, i.e. positive or negative, of the 
previous data value. For each change in sign value the VI records a zero crossing 
position.  
Interpolation and smoothing of the data set prior to this stage is pivotal. Smoothing, 
through a process of averaging, of the data set removes the effects of noise, preventing 
the detection of zero crossings at positions where noise spikes may exist.  Interpolation 
is also essential as due to the VI analysing the data point by point, it is important to 
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determine the data point at which the position at which the zero crossing occurs, as 
close to the value of zero as possible. This is particularly essential as the positions of 
first and last zero crossing must be recognised. 
Having scanned the interference fringe data set, and determined the number of zero 
crossing positions, the following equation, knowing that each zero crossing is equal to 
half a fringe, can be used for calculating the resultant number of interference fringes, m, 
between the first and last zero crossing positions 
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Where N is the number of zero crossing positions.  The subtraction of one from the 
number of zero crossing positions is to take into account the first zero crossing position 
which does not have a complete half fringe before it. 
Although this approach provides the number of interference fringes whereby a complete 
fringe crosses the zero axis, in order to accurately measure the full length change 
monitored via the number of interference fringes occurring, the partial fringes between 
the first data point in the series and the first zero crossing, and the last zero crossing and 
the last data point in the series must be considered. 
In order to find what fraction of a fringe exists at the start of the data series, shown in 
Figure 5.11 (a), the number of data points in the first complete interference fringe, from 
the first zero crossing to the third, is counted.  This value is then compared to the 
number of data points in the first small fraction is order to provide a ratio of that to a 
complete fringe.  A similar approach is used to calculate what fraction of a fringe exists 
at the end of the data series, illustrated in Figure 5.11 (b).  In this instance however, the 
ratio is found when comparing the number of data points in the small fraction to that of 
the last complete interference fringe, from the third last zero crossing to the last. 
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Figure 5.11: (a) Fraction of fringe at start from the first data point in the extracted set to 
the first zero crossing position, (b) Fraction of fringe at end from the last zero crossing 
position to the final data point in the extracted set. 
 
As a result of the closely spaced fringes at the start of the optical scan compared to the 
slightly wider spaced fringes at the end, due to the nonlinear expansion of the piezo 
fibre stretcher, there will be a greater number of data points in the first complete fringe 
compared to the last.  It is for this reason that when calculating the fringe fraction at the 
start and end of the data set it is not a viable solution to simply consider the average 
number of data points for each fringe in the complete series, and why the number of 
data points per fringe is calculated separately for the beginning and the end. 
Implementing the above protocol to find the precise number of fringes between the 
measurement positions and applying this to the equation below, the optical path length 
change, Δd, and thus the differential length between the two Fabry-Perot sensing 
cavities can be calculated. 
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Where λ is the wavelength of the DFB laser source, 1310 nm, n is the refractive index of 
the optical fibre, and m is the number of interference fringes counted. 
The use of a separate light source and the implementation of the above mentioned fringe 
counting technique, provides a stable approach to characterising the optical length 
change of the Michelson interferometer arm due to the piezo fibre stretcher. 
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With the scan rate of the Michelson interferometer less than the time resolution of the 
InGaAs photo diode, 30,000 data points over the full scanning range can be captured.  
Through data analysis, in which the captured data is interpolated to provide 300,000 
data positions over the scan range consisting of ~319.7 interference fringes providing 
938.38 data points per fringe, the above fringe counting technique could be used to 
determine the number of interference fringes to within 1/938.38th of a fringe.  This 
corresponds to a length of 0.48 nm either side of the extracted data.  As will be detailed 
in section 5.4 however, this is simply one parameter in calculating the Fabry-Perot 
differential length. The accuracy of determining the peak location of the broadband 
fringe envelopes due to the noise within the system, must be taken into consideration.  
Variations in the recovered peak position subsequently determines the length over 
which the reference fringes are calculated. 
 
5.3. Differential Length Measurements 
Having described so far an arrangement for making differential measurements of two 
independent sensing cavities and a procedure by which the system can be characterised 
to provide accurate results, the capture and analysis of data can be made. 
 
5.3.1. System arrangement 
With the reference scanning Michelson interferometer encased within a temperature 
stabilised environment to reduce the effects of optical path length change due to 
external factors, the Fabry-Perot sensing cavities, formed using the Fresnel reflections 
from the end surface of the optical fibre and a reflective mirror surface, are arranged in 
such a manner as to also prevent the effects of temperature drift from altering the fixed 
optical path length.  Through positioning both optical fibres on the same mounting 
block and using the same reflective mirror, as shown in Figure 5.12, temperature or 
other environmental changes causing the mounting block to expand or contract will 
have an equal effect on the position of both fibre positions.  This will therefore not alter 
the differential length of interest. 
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Figure 5.12: Fabry-Perot sensing cavity mounting positions to allow for minimum 
differential length changes due to environmental effects. 
 
In Chapter 4 it was stated that due to the manner in which interference effects take place 
with the use of a broadband light source, there are certain limitations that have to be 
taken into consideration with the Fabry-Perot optical cavity lengths. Individual cavities 
of short length may be observable when monitoring the system output if matched to 
within the coherence length of the scanning Michelson interferometer, and for that 
reason must be longer than the overall differential length of the two.  The differential 
length must also, however, be greater than the coherence length of the source.  If closely 
matched, overlap of interference fringes may result, providing inaccurate measurements 
due to superimposition of the fringes.  It is for these reasons, and in order to determine 
if the length determined is that desired, that the individual sensing cavity lengths must 
be known prior to recording measurements. 
Using a micrometer optical stage to position the optical fibre, the arrangement shown in 
Figure 5.13 consisting of a 3-port circulator and an OSA is illuminated with a 
broadband light source.  The OSA used in this instance was an Advantest OSA model 
Q8384 which operates using a monochromator and diffraction grating arrangement, as 
described in section 2.5.3.  Using the OSA to monitor the reflected intensity pattern, 
similar to that shown in Figure 2.20, from the fixed Fabry-Perot cavity over the 
wavelength range of the broadband light source, the cavity length can be determined 
using the FSR measurement technique as described in section 2.5.5.  Once at a suitable 
length, meeting the criteria of the length limitations set out in section 4.2.2, the fibre is 
adhered to the mounting block using a fast setting adhesive.  A final length calculation 
for each of the cavities is made to allow for any shifts in position during the adhesive 
hardening period, thus providing a known differential length.  Through fusion splicing, 
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the individual Fabry-Perot cavities are connected to the optical fibre interconnecting 
leads of the tandem sensing configuration. 
 
 
Figure 5.13: Configuration for determining and setting the individual Fabry-Perot cavity 
lengths.  Individual lengths are monitored via the free spectral range measurement 
technique. 
 
A signal generator unit, used to feed the high voltage amplifier which in turn provides 
the voltage to the piezoelectric material for expansion of the optical fibre, is 
programmed to produce a periodic, symmetric triangular waveform, with a maximum 
applied voltage to provide significant fibre expansion in order to monitor the 
interference fringe patterns. 
Illuminating the full sensing configuration with the 1550 nm broadband light source, 
and using WDM’s for the introduction and extracting of the 1310 nm DFB laser into 
and out from the Michelson reference interferometer, InGaAs photo diodes provide 
intensity monitoring of each light source via the separate outputs within the system as a 
means of observing the effects of interference as the piezo fibre stretcher is scanned 
from its initial position of zero voltage through to the maximum applied. 
For a differential length between the two Fabry-Perot sensing cavities of 82.571 µm the 
resultant interference fringe effects, due to a changing optical path length as the piezo 
voltage is gradually increased, are illustrated in Figures 5.4 and 5.9, resulting from the 
characteristics of the 1550 nm broadband light source and the 1310 nm DFB laser 
source respectively. 
Repeated scans over a periodic time frame of the piezo fibre stretcher provide raw data 
on which analysis is carried out to provide differential length measurements. 
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5.3.2. Data analysis 
Capture of the intensity signals of the two separate light sources producing the 
interference patterns is through two InGaAs photo diodes.  An analogue to digital 
converter transfers the raw data captured via the detectors to a Labview computer 
program in order for analysis to take place. 
The program is initially set to recover the intensity measurements of the 1550 nm light 
source interference fringes, the 1310 nm DFB laser source interference fringes, and also 
the voltage level applied to the piezo fibre stretcher during the forward scan of the 
Michelson interferometer. 30,000 data points over the full range of the piezo scan for 
each of the three parameters are recovered. 
Before investigation into the data can begin the d.c. offset of the interference fringe 
intensities recorded for both sets of light sources is removed. It is from here that the 
procedure is carried out to find the central positions of the broadband light source 
interference fringe packets, due to the effects of light interaction with the Michelson 
interferometer and the differential of the Fabry-Perot sensing cavities, extract the 
corresponding data obtained via the interference effects of the DFB laser source with 
the Michelson interferometer during the optical path length change from the piezo fibre 
stretcher, and calculate the relative number of interference fringes within that selection 
of data. 
With a known differential length between the two Fabry-Perot cavities of 82.571 µm, 
the same that was used in the generation of the interference fringes shown in Figure 5.4, 
and having removed the d.c. offset, the Hilbert transform is carried out on the 
broadband light source interference fringe data set as a means of obtaining the fringe 
envelope shape, illustrated in Figure 5.5, to which a peak finding algorithm will be 
applied in order to determine the central fringe packet locations. 
Interpolation of the data is performed prior to the peak find algorithm being carried out. 
The interpolation of the data set at this stage is to provide additional data points between 
the already existing data positions to improve the accuracy with which the peak position 
will be determined and remove the consequence of a zone of avoidance, as mentioned in 
section 5.2.1, due to the properties of the Labview peak finding VI. Equal interpolation 
must be performed on all three sets of data due to the data extraction of the DFB laser 
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interference fringes between the two reference positions determined via the peak values 
of the fringe envelopes. 
Having obtained the peak position of the two fringe packet envelopes due to the 
interference pattern of the broadband light source as a result of the interactions within 
the sensing configuration, the corresponding data, between these two positions, of the 
laser interference fringes due to the changing optical path length of the Michelson 
interferometer is extracted from the full captured set as demonstrated in Figure 5.14. 
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Figure 5.14: 1310 nm fringe extraction between the two peak positions of the 1550 nm 
fringe envelopes. 
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It is to these extracted fringes that the previously mentioned fringe counting technique is 
applied as a means of determining the change in optical path length required to obtain 
an equal differential length between the two fibre arms of the Michelson interferometer 
and the differential length between the two Fabry-Perot sensing cavities, from the 
position where both arms of the Michelson interferometer are of equal length.  The 
change in optical path length, which is therefore also the desired differential length of 
the two sensing cavities, is found using equation 5.2. 
Repeated differential lengths of the two Fabry-Perot cavities over a period of time, as 
shown in Figure 5.15, can be recorded and saved for additional analysis if required. 
 
 
Figure 5.15: Fabry-Perot differential length measurements recovered using the sensing 
configuration illustrated in Figure 4.1, and the data analysis techniques described in this 
chapter. 
 
When the recorded results were analysed, the average differential cavity length of the 
1818 repeated measurements was measured as 82.539 µm ± 0.041 µm (± 1σ), 
demonstrating a procedure for successful measurement of differential length.  
Fluctuations in the measured differential length could be as a result of temperature drifts 
in the surrounding environment of the sensing cavities, or the instability of the optical 
fibre mounting structure at the sensing cavities. 
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Based on the arrangement used to obtain the above results, the differential length range 
over which measurements can be taken is 88.435 μm.  This is calculated from the 
scanning range of the Michelson interferometer due to the expansion of the optical fibre 
arm length coiled around the piezoelectric ceramic tube, and the maximum voltage 
applied across the piezo material poles.  The coherence length of the light source and 
thus the width of the resulting interference fringes must also be taken into consideration.  
It is therefore during the diaphragm development stage, as will be reviewed in 
Chapter 6, that the measurement range has to be used in order to establish a suitable 
design such that the central deflection will exceed the maximum differential length 
when the maximum specified pressure, based on the guidelines provided in Table 4.1, is 
applied. 
Knowing the range over which the differential length can be made is useful in 
developing a suitable deformable diaphragm which can deal with the pressure range 
guidelines, however the noise of the system, detailed in Figure 5.15 must also be 
considered.  Although it is possible to design a diaphragm with deformation 
characteristics that will meet the guidelines for the maximum pressure range, it may not 
be suitable in providing the minimum deflection required, resulting from the system 
noise, for measuring the differential pressure resolution of 1 Pa.  Both the noise, in 
terms of the minimum deflection required for 1 Pa pressure, and the Michelson 
interferometer scanning range, in terms of the required pressure range, must be taken 
into account when developing the sensing diaphragm. 
 
5.4. System Resolution and Noise 
From the previous section, the uncertainty in the determined differential length, through 
obtaining the standard deviation of the repeated measurements, was found to be 41 nm.  
In order to establish the system resolution the parameters that contribute to the 
measurement have to be taken into consideration and the effects of noise on these 
parameters. 
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5.4.1. Resolution 
Contributing factors to the noise effects within the system may include optical noise 
from the different light sources, and from digital noise due to the InGaAs detectors, the 
cabling in the connections of the analogue-to-digital converter unit, and the analogue-to-
digital card itself.  Possibly the main contributing factor to the uncertainty in the 
measurement accuracy lies in the determination of the central locations of the 
broadband light interference fringe packets, through use of the Hilbert transform for 
envelope detection and through the Labview peak finding routine. 
As a result of the power lost of the broadband light source throughout the system and 
due to the coupling of light at the fibre interface of the Fabry-Perot sensing cavities, 
noise within the detected interference fringe signal can affect data analysis, thus 
influencing the location at which the peak of the fringe packet envelope is identified.  
Figure 5.16 shows a magnified view of one of the fringe packet envelope peaks, found 
through application of the Hilbert transform on the interference pattern, illustrating the 
signal scatter due to the effects of noise. 
 
 
Figure 5.16: Envelope peak showing noise within the system. 
 
The process through which the peak find routine determines the peak location is through 
the application of a curve fitting function to the data selected.  The VI performs a least-
square quadratic fit on a window consisting of the number of data points specified. 
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Due to all the data points being taken into account for fitting the most appropriate curve 
to the set, the influence of noise can result in varied shifts in the position of the fitted 
curve and in turn result in a shift in the identified peak position from the actual peak 
position.  As the location of the two low coherent peaks is carried forward as part of the 
data processing and used as the reference positions for the extraction and analysis of the 
DFB laser interference fringes, shifts in the identified peak location will result in 
different differential lengths being determined via the system for repeated 
measurements of a given known length. 
The level of noise as detected at the output of the InGaAs photo diode for the 
interference fringes generated via the broadband light source is 0.005 V.  This is partly 
due to the signal loss through the system, electrical noise generated through the 
detector, due to the gain settings required in order to detect the output signal, and the bit 
resolution of the analogue-to-digital converter. 
As a means of predicting the system resolution with the current arrangement, the 
variation in the recovered peak location of the two broadband interference fringe 
envelopes, as a result of the system noise, is determined.  A method of obtaining this 
variation is through a system model based on experimental parameters.  With a noise 
level of 0.005 V applied to a simulated interference fringe pattern as would be generated 
with the 1550 nm broadband light source and interrogation arrangement used, repeated 
scans were carried out in order to observe the spread in the recovered peak locations of 
the two interference packets. 
Based on the fringe counting technique detailed in section 5.2.2 in which a change from 
one data position to the next corresponds to a length change of 0.48 nm, it was found 
through taking the standard deviation that the variation in the recovered peak location at 
the position of equal path length of the two Michelson interferometer arms corresponds 
to a length change of 5.68 nm.  Taking the standard deviation of the variation in the 
recover peak location at the position where the OPL differential of the two Michelson 
interferometer arms is equal to the OPL differential of the two Fabry-Perot sensing 
cavities corresponds to a length change of 26.84 nm.  Combination of these two errors 
results in a potential length variation of 27.43 nm. 
It is clear that the noise effects in the recovered peak location of the fringe envelop is 
the main contributing factor to the system performance.  It can therefore be noted that 
with the current arrangement the system resolution would be 27.43 nm. 
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The calculated system resolution of 27.43 nm is less than the calculated measurement 
uncertainty of 41.00 nm indicating that something within the system during the 
measurement process was not stable.  One possibility for this is the stability of the 
Fabry-Perot cavity lengths.  Due to the mounting of the optical fibre, as illustrated in 
Figure 5.12, small variation in the cavity length could result due to slight changes in the 
surrounding environment. 
 
5.4.2. Noise reduction techniques 
The previous section discussed the system resolution based on the effects of noise on 
the recovered interference fringes.  Methods such as filtering can be introduced after the 
intensity signal is detected as a means of improving the signal to noise ratio prior to data 
analysis. 
The interference fringes of interest, resulting from the system interactions of the 
broadband light source, occur at a lower frequency than the high frequency noise 
interactions which may cause shifts in the signal during analysis.  An approach for 
removal of these high frequency anomalies would be to introduce a resistor-capacitor 
(RC) circuit in the form of a low pass filter after the capture of data. 
A low pass filter can be a combination of capacitance, inductance or resistance intended 
to produce high attenuation above a specific frequency with little or no attenuation 
below that frequency.  The frequency at which the transition occurs is called the “cut-
off” frequency.  A simple passive RC low pass filter consists of a single resistor and 
capacitor as shown in Figure 5.17.  The arrangement shown below is generally known 
as a “first-order filter” as it consists of only one reactive component, the capacitor (6). 
 
Figure 5.17: Schematic of a first order low pass filter RC circuit. 
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When developing a low pass filter it is important to consider how the signal output 
changes in terms of intensity and phase for a given “cut-off” frequency as the signal 
frequency changes.  
The frequency response curve of an RC circuit illustrates that for signals of low 
frequency the input passes directly to the output until it reaches the “cut-off” frequency.  
At frequencies beyond this point the response of the circuit decreases giving a negative 
slope of -6dB/Octave. 
At the “cut-off” frequency the output signal is at 70.7% of the input signal. It is for this 
reason that the selected “cut-off” frequency is beyond the frequency value of the fringes 
of interest as not to attenuate the usable signal.  The “cut-off” frequency must also be 
considered due to the -45° phase change of the signal that occurs at this point.  
Equations 5.3 and 5.4 calculate the “cut-off” frequency and the phase shift respectively 
of given values of resistance and capacitance. 
 
 
RC
f c
2
1
  (5.3) 
 
  fRC 2arctan  (5.4) 
 
For the purposes of this thesis whereby the interference signal of interest that will be 
used in the determination of the central fringe packet positions occur at an average 
frequency of 43.1 Hz, a low pass RC filter with a “cut-off” frequency of 100 Hz was 
constructed and used. 
The application of this filter can be applied to two separate ways.  The first approach 
would be to use a hardware circuit forming a first order low pass filter composed of a 
100 kΩ resistor and an 0.1 μF capacitor, connected to the output of the InGaAs detector 
before reading the data into the Labview program via the analogue to digital unit.  The 
second method would be to apply the filtering after the analogue to digital unit via a 
filtering VI within the Labview program.  This approach has the advantage that the 
“cut-off” frequency can be easily changed to view the measurement effects for differing 
values.  There is the additional benefit using the Labview filter in that any electrical 
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noise brought about by the analogue to digital unit or the connecting cabling will also be 
removed from the interference signal before analysis takes place.  
When repeated scans of a known differential length were carried out using the 
differential length measurement system, incorporating the RC filtering system, the 
results unfortunately did not reap any benefits.  This could possibly be due to the effects 
to the signal which are a consequence of the RC circuit.  Alternatively the signal, even 
with the high frequency noise removed, may still contain noise jitter such that when the 
curve fitting process is carried out, the changes to the data point positions could still be 
a factor in the recovered peak position. 
As has been discussed, high frequency noise within a low frequency signal can be 
reduced/removed with the use of a low pass RC circuit.  The introduction of such a sub-
system however has been show to slightly alter the initial input signal as a result of the 
“cut-off” frequency used, whether through reduction in the signal strength, or through 
phase shifts.  A second approach considered as a method of reducing the effects of noise 
prior to data analysis is through application of the wavelet transform. 
The wavelet transform is a multiresolution analysis technique for obtaining the time-
frequency representation of a signal.  The continuous wavelet transform (CWT), defined 
by equation 5.5, is computed by changing the analysis window, shifting the window in 
time, multiplying by the signal, and integrating over all times (7). 
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Where x(t) is the input signal, τ is the translation, s is the scale, and Ψ(t) is the 
transforming function, known as the mother wavelet, given by 
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Discrete wavelet transform (DWT) coefficients are usually sampled from the CWT on a 
dyadic grid.  Choosing parameters of translation τ = n.2m, and scale s = 2m, it is possible 
to define the mother wavelet in DWT as 
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DWT analyses the signal through decomposing it into its coarse and detailed 
information which is accomplished by using successive high and low pass filtering 
operations, repeated for further decomposition of the low pass filtered signals. 
The wavelet transform method can be used to produce much higher noise removal 
quality than conventional methods.  The DWT also ensures zero-time shifts of the initial 
input signal, retaining the details of the original signal after the denoising procedure is 
carried out. 
The use of the wavelet transform is applied within the Labview program after the 
capture of data before further analysis is performed.  
Previously, as with the noise reduction technique of the low pass RC filter, the overall 
differential length measurements, when repeated over a period of time, did not alter 
with the introduction of the wavelet transform.  
As with the RC circuit, the original problem seems to stem from the light source and the 
power loss throughout the system.  It is therefore recommended that as a process of 
improving the overall measurement accuracy, a broadband light source with a higher 
output power rating could be used.  Additionally, due to the optical power lost in the 
Fabry-Perot cavities, improvements to the light re-coupling at these locations would 
increase the signal strength at the output, thus improving the signal to noise ratio of the 
configuration. 
 
5.5. Environmental Effects 
Separation of the sensing cavities is an important aspect that was taken into 
consideration during the development of the overall sensor configuration.  This is 
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largely due to the environmental effects that may have an impact on the overall 
determined differential length.  As was discussed in section 4.1, separation distances in 
the order of tens of meters could result in large temperature or air pressure changes in 
the surrounding environment from one sensor location to the other.  It is for this reason 
that the sensing configuration is constructed in such a way that environmental factors 
will not have an effect of the interconnecting fibre leads used in the tandem arrangement 
of the Fabry-Perot cavities, and thus disrupt the differential length of interest. 
The nature of the differential length measurement system is such that effects of 
temperature and/or strain on the interconnecting fibre leads, from the reference 
Michelson interferometer to the InGaAs detector via the sensing cavities, will not cause 
any anomalies on the overall calculated cavity length difference due to the common 
optical path followed between the sensor heads.  The only OPL’s which have an effect 
on the differential length measurement are those of the two Fabry-Perot cavities. 
Verification of the interconnecting fibre lead immunity to environmental factors was 
tested by increasing the temperature of 2 meters of connecting optical fibre lead to 
sensing cavity l2 during a measurement period.  The results of this are displayed in 
Figure 5.18. 
As a means of determining if any outside surrounding factors had an influence of the 
measurements being recorded, the Fabry-Perot sensing cavities were placed, along with 
the scanning Michelson interferometer, into a temperature stabilised environment.  The 
interconnecting leads however, were kept exposed.  In reality this would not be the case 
due to the large temperature variations which may exist between the two sensing 
locations, however in order to deduce if the interconnecting leads would influence the 
measured length, the two Fabry-Perot cavities had to remain constant. 
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Figure 5.18: Differential length measured during increase in fibre temperature. 
 
After 30 minutes of recording the differential length of two Fabry-Perot sensing 
cavities, the interconnecting fibre length was heated, via a hotplate, to a temperature 
around 50°C where it remained for a period of 45 minutes.  The fibre length was then 
returned to room temperature (~ 21°C) for the remainder of the scan. Figure 5.18, which 
display’s the period during which the fibre temperature was altered, demonstrates that 
no change in the recorded differential length is noticeable due to the change in the 
surrounding environment. 
 
5.6. Discussion 
In the previous chapter, the design of a measurement system used for determining the 
differential length of two Fabry-Perot cavities was discussed.  Following on from the 
design, this chapter focussed on how the system was used in obtaining the raw data and 
how data analysis was carried out as a means of calculating the desired differential 
length of interest. 
A broadband light source, centred at 1550 nm, is used as a means of interacting the 
Michelson interferometer with the differential lengths of the Fabry-Perot sensing 
cavities in order to provide locations over which a length measurement could be taken.  
The particular source chosen had a Gaussian type spectral profile with a -3dB 
bandwidth of 60.0 nm, producing interference fringes with an envelope matching that of 
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the source spectrum.  Alternative light sources could have been used in which the 
bandwidth was greater and would therefore generate a narrower burst of interference 
fringes than that generated of this study. Issues arise in such situations however, due to 
the use of multiple SLED sources.  Multi source broadband SLED systems may have a 
non-Gaussian profile with the resultant interference fringe envelope matching this.  This 
is an issue as superimposition of fringes may occur for closely matched optical path 
lengths.  Tailor made fibre Bragg gratings can be used in these circumstances when a 
near Gaussian profile is required however such a component will come at an additional 
cost, and is such why use of the 60.0 nm bandwidth source was continued. 
A DFB laser light source at 1310 nm, with a wavelength stability of 1.3 pm, provides a 
reference measurement of the OPL change of the scanning interferometer.  Due to the 
non-linearity of the piezo material expansion with the applied voltage, the resulting 
interference fringes provide an accurate determination as the change in optical path 
length between the two locations of the central fringe packet positions.  When using a 
technique to calculate the number of interference fringes between these positions, this in 
turn can then be used to calculate the change in path length, and thus the differential 
optical path length of the two sensing micro cavities. 
Noise reduction techniques through the use of low pass filtering and wavelet 
transforming are introduced as a solution for reduction of electrical and optical noise 
within the system and for improved measurement resolution.  The measurement system 
however did not reap the benefits of these methods with the possibility that signal loss 
throughout the configuration has a greater effect on the recovered interference fringes.  
Further techniques for improvement may result in the use of a light source with a higher 
operating output power, or with improved re-coupling of light into the optical fibre 
within the Fabry-Perot cavities. These solutions will be discussed further in Chapter 7. 
 
5.7. Conclusion 
Within this chapter it has been demonstrated that the sensing configuration, described in 
Chapter 4 and illustrated in Figure 4.1, is a suitable procedure for the determination of 
the differential length of two separate Fabry-Perot cavities. 
A broadband light source is utilised for determining the position at which the optical 
path length mismatch of a Michelson interferometer, connected to the tandem 
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arrangement of the Fabry-Perot cavities, is equal to the optical path length mismatch of 
the two sensing cavities.  The broadband light source also provides a reference position 
when the OPL’s of the Michelson interferometer arms are equal in length.  These 
positions are found due to the interference effects observed when the OPL’s are 
matched to within 27.02 µm ± 0.31 µm, the coherence length of the source.  The 
coherence length was calculated using equation 3.22 with the error determined due to 
the variation of 0.70 nm in the measured -3dB band width. 
As a means of providing accurate length change measurements of the scanning 
Michelson interferometer a DFB laser source is used, the interference fringes of which 
are monitored using a fringe counting technique for determination of the optical path 
length change between subsequent broadband interference fringe bursts.  The use of a 
laser source to analyse the change in path length eliminates the uncertainty in the length 
change as a result of the nonlinear relationship between the piezo fibre stretcher 
expansion and the applied voltage. 
Measured differential lengths of two Fabry-Perot cavities have been made with standard 
deviation of 41.00 nm.  The system resolution was also calculated based on the noise 
effects in the system on the recovered interference fringe envelope locations, over 
which the differential length is determined.  As a consequence of contributing noise 
factors a system resolution was calculated to be 27.43 nm.  This value is less than that 
of the measurement uncertainty with a possible solution being the instability of the 
mounted optical fibres during the measurement process. 
It was also demonstrated within this chapter that due to the configuration of the sensing 
system, environmental effects such as temperature and air pressure on the 
interconnecting optical fibre leads between the two sensing cavities do not have an 
influence on the measured signal.  A temperature increase up to 50°C on two meters of 
interconnecting fibre showed no change on the measured differential length within the 
noise of the system. 
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Chapter 6: Sensor Applications 
 
6.1. Introduction 
In Chapter 1 the requirement for this research was set out for the development of an 
interrogation technology for measuring the differential pressure of two individual 
sensors at two widely separate locations.  As a means of achieving this goal, a 
technology was designed that would measure the length of two separate Fabry-Perot 
cavities which act as individual pressure sensors and directly measure the difference in 
length of these two cavities.  The difference in length is proportional to the difference in 
pressure.  The benefit of measuring only the difference in length is that any common 
offset, i.e. a background pressure is eliminated from the measurement.  Such a 
differential measurement can potentially achieve a much higher sensitivity in measuring 
pressure differences in the presence of a large common background pressures compared 
to two individual absolute pressure measurements.   
From Chapter 2, in which a review of different sensing configurations was carried out, 
it was decided that conventional techniques, based on electrical methods, had 
limitations in terms of resolution over specified ranges because they measure the 
absolute pressure unless the pressures are ‘piped’ to a common differential pressure 
measurement head.  This can cause significant deviations in the in the transmitted 
pressures if the piped lengths are in the order of meters.   
A suitable alternative approach to these would be through the use of an optical fibre 
sensing configuration, in particular, an interferometric configuration.  The sensing 
system utilises the properties of both low and high coherence interferometry to provide 
a solution for the differential measurement of two Fabry-Perot cavities arranged in 
tandem with each other. 
A change in the OPL of a Fabry-Perot cavity, due to an external force acting on one of 
the reflective surfaces, can be monitored to calculate the pressure applied to induce such 
a change if the mechanical and material properties of the reflective surface are known. 
This chapter considers the arrangement of a Fabry-Perot cavity using a deformable 
diaphragm as the reflective surface, which when applied with pressure will result in an 
OPL change, as a suitable sensor head configuration.  The chapter investigates the 
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different materials which could be used for constructing a suitable sensing diaphragm 
and the mechanical properties of such a deformable surface for different geometries. 
The chapter concludes by considering the optimised conditions and construction of a 
sensing diaphragm which could be integrated into the interrogation configuration for 
future measurements of pressure. 
 
6.2. Sensor Configuration 
In Chapter 2 during a brief introduction to pressure sensing, it was described that for 
many optical fibre pressure sensing configurations, a diaphragm is a common tool for 
pressure sensing.  Such a method usually involves the formation of a Fabry-Perot cavity 
using the fibre end as one cavity reflective surface and the diaphragm as the secondary 
reflective surface, illustrated in Figure 2.1.  Changes in the cavity length result from 
deformation of the diaphragm material due to external pressure acting upon it.  This 
technique utilises interferometry and was the basis of the research carried out 
throughout this thesis. 
 
6.2.1. Diaphragm design 
Within Chapter 3, section 3.8, the theoretical characteristics of a circular deformable 
diaphragm were covered.  This theoretical analysis reviewed the deformation properties 
for a given circular flat diaphragm when exposed to external pressures.  From this 
review it was understood that the main characteristics which affect the performance of a 
pressure diaphragm are the thickness, radius, and material. 
Design of diaphragm sensors is extremely important to achieve the required range and 
resolution of linear deflections.  Although it is possible to calibrate nonlinear effects out 
of the system, hence the maximum linear pressure is not the maximum operating 
pressure, for simplistic reasons it is desirable to operate within the linear range.  High 
sensitivity is achievable through a thin diaphragm capable of maximising the deflection 
due to the applied pressure, however, if the deflection is too large, nonlinear effects 
come into play (1).  For that reason the maximum deflection should be small, usually no 
more than 30% of the material thickness (2).  By controlling the diaphragm thickness it 
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is possible to selectively alter the sensitivity, frequency response, and burst pressure of 
the diaphragm. 
The theory within Chapter 3 details the deformation characteristics of a flat circular 
diaphragm.  Having been used on numerous occasions for the measurement of pressure 
(3, 4) it was decided that such a configuration would be used in the design of the 
differential measurement system.  Alternative diaphragm constructions are also a 
possibility however.  One such alternative option would be a corrugated deformable 
diaphragm. 
Research has been carried out into the design of corrugated diaphragms (2, 5) and has 
demonstrated that with the introduction of corrugations into the diaphragm structure, as 
illustrated in Figure 6.1, the linearity of the diaphragm can be increased considerably. 
 
 
Figure 6.1: Corrugated diaphragm design. 
 
For a corrugated diaphragm the load-deflection relation is given by 
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Where q is the corrugation quality factor defined, for sinusoidal corrugations as 
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From Figure 6.1, H is the corrugation depth, l is the corrugation spatial period, and s is 
the corrugation arc length. 
Although there is a lot more details which have to be considered when using corrugated 
diaphragm, such as the design and dimensions of the corrugations, it has been 
demonstrated that this approach can result in greater deflection with applied pressure.  
Figure 6.2, taken from “The design, fabrication, and testing of corrugated silicon nitride 
diaphragms” by P. R. Scheeper (6), shows the difference in deflection lengths between a 
circular flat diaphragm and a circular corrugated diaphragm of the same material and 
dimensions. 
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Figure 6.2: Response curves for diaphragm deflection vs. applied pressure for flat and 
corrugated diaphragms. (6) 
 
Although it has been shown that with the use of a corrugated diaphragm over that of a 
flat diaphragm the linear range of deflection is greater for a given pressure, there are 
many design considerations which have to be taken into account, such as the number, 
depth, and spatial period of the corrugations.  Each of these factors contributes to the 
diaphragm deflection parameters and so further investigations into this technology 
would have to be considered. 
It is also due to the complex procedures in the formations of corrugations within a 
material surface that for the design configuration of the differential sensor a flat circular 
diaphragm will be considered.  The remainder of this chapter will focus on the 
equations provided in Chapter 3 for the design of a suitable sensing diaphragm. 
 
6.2.2. Diaphragm material 
Optimisation of the expressions given in the Chapter 3 for the deformation properties of 
a flat circular diaphragm is not an easy task in order to maximise the sensing range, 
resolution, and resonant frequency, as conflicting requirements arise. 
Before optimisation of the diaphragm dimensions are performed, it is first necessary to 
consider the material of which the diaphragm will consist of. 
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There are many different material types which could be considered for use as a 
deformable diaphragm. It is important however to take into consideration the material 
properties to determine whether said material would be suitable under the conditions to 
which the differential measurement system will be exposed.  Polymer materials have 
been used in the formation of a deformable diaphragm (7).  The diaphragm can be 
thinned down to a few microns and is thus suitable for mass production.  However, for 
under water measurement applications, the polymer must be kept in water for a long 
period of time to stabilize before it can be used, due to its tendency to absorb water.  
Meanwhile, due to the porous cellar structure of the polymer, the diaphragm cannot be 
fabricated too thin and is not suitable for long term pressure measurement. 
Fused silica is also a material which has been demonstrated in the use of deformable 
diaphragms in the measurement of pressure (4).  Due to matched thermal expansion 
coefficients between the diaphragm and the optical fibre they have an outstanding 
thermal performance, with a wide range of working temperatures and temperature 
stability.  Fused silica suffers however, when compared with metal materials, due to the 
relatively low maximum tensile strength.  With the large operating pressure range of 
this research, it has been determined, due to the achievable system resolution of the 
measurement configuration in its current form, that the maximum operating pressure of 
a fused silica diaphragm would be close to the maximum operating pressure of the 
measurement range. 
Silicon is considered as a diaphragm material due to the existing vast knowledge of the 
material and the ease of material machining.  It also has desirable mechanical properties 
which are an important aspect to consider, as single crystal silicon is elastic (up to its 
fracture point), is lighter than aluminium, and has a modulus of elasticity similar to 
stainless steel.  The deflection of silicon results in virtually no hysteresis and hence 
almost no energy dissipation (8).  Metals can also be used as a diaphragm material as 
they exhibit high reliability however can be limited due to their high stiffness. 
Table 6.1 details the material properties of silicon which will be used in calculating, 
using the equations provided in section 3.8, in particular equation 3.29, the required 
diaphragm thickness and radius which will be suitable of use in a pressure sensing 
system for differential measurements to achieve the goals of this research. 
 
168 
 
Density ρ 2329 kg m-3 
Young’s modulus E 129.5 x 109 Pa 
Poisson’s ratio µ 0.28  
Max tensile stress σm 3400 x 106 Pa 
 
Table 6.1: Material properties of silicon. 
 
6.2.3. Diaphragm housing 
In section 6.3, the equations provided in Chapter 3 of the theoretical analysis for 
diaphragm deformation will be used to design the optimum diaphragm configuration 
which would be suitable for use in the current differential measurement system to 
provide a differential pressure.  Prior to this the final construction of a sensor head will 
be discussed taking into consideration the varying temperature which may occur in the 
surrounding sensor environment. 
As was discussed in Chapter 4 it is important to consider the varying temperature of the 
surrounding environment between the two sensing locations due to the potentially large 
separation of the cavities.  Table 4.1 detailed guide specifications of the sensing system 
which had an operating temperature range of 15 – 200 °C.  In Chapter 5 it was 
demonstrated that due to the configuration of the overall sensor system the optical fibre 
downleads to the Fabry-Perot cavities from the scanning Michelson interferometer are 
virtually immune to changes in the surrounding environment.  It is still important 
however to consider the effect of temperature changes at the location of the sensor 
heads.  As previously stated, techniques for temperature monitoring are out with the 
scope of this research, however one approach to compensate for this varying effect 
would be through material design of the sensor head arrangement. 
Figure 6.3 shows one such configuration of a sensor head illustrating the positions of 
the optical fibre and deformable diaphragm, along with the direction of applied 
pressure. 
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Figure 6.3: Schematic of a possible configuration for the pressure sensing head of the 
differential measurement system. 
 
Through the use of a single material for housing the optical fibre along with the 
deformable sensing diaphragm and with knowledge of the thermal expansion coefficient 
of said material, temperature monitoring at the sensing location, possibly through the 
use of FBG’s, can be used to calculate any expansion or contraction which may result 
from changes in the surrounding temperature.  Expansion or contraction of the housing 
material may cause subtle changes in the cavity length which, when dealing with 
nanometer measurements, could disrupt the desired measurements.  With knowledge of 
the material properties and temperature monitoring, such changes could be compensated 
for in both sensing locations.  
 
6.3. Sensor Optimisation 
From the previous chapter the measurement resolution by which a differential length 
could be determined using the optical fibre sensing configuration, illustrated and 
described in Chapters 4 and 5, was calculated as 27.43 nm.  This calculated resolution 
based on the system noise in terms of the electronics and the optical light source differs 
from the measured uncertainty of 41 nm.  As was discussed in Chapter 5 this difference 
could be as a result of the instability of the mounted optical fibres during the 
measurement process. 
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For application in a pressure sensing arrangement where the optical fibre will have a 
more stable surrounding the measurement resolution of 27.43 nm, along with the 
dynamic range over with pressure is to be applied, is a requirement for the 
determination of the diaphragm deflection for the maximum exerted pressure.  
For a pressure sensing system in which a measurement resolution of 1 Pa is required 
over a dynamic range of 100 kPa, for measurement using the researched differential 
measurement configuration, a diaphragm deflection of 2.74 mm would be required. 
Having determined the pressure range over which, ideally, linear measurements are to 
be made and the diaphragm deflection required for such measurements, the diaphragm 
thickness and radius can be calculated, through rearranging equation 3.29, for a silicon 
diaphragm using the properties detailed in table 6.1. 
The thickness of a deformable diaphragm has been described in terms deflections within 
the linear range.  It was described that in order to keep within the kept linear range, the 
deflection be no more than 30% of the diaphragm thickness, thus h=ymax/0.3. For the 
given deflection above, this would require a diaphragm thickness of 9.13 mm. 
With a diaphragm thickness of 9.13 mm, the diaphragm radius for the required pressure 
resolution of 1 Pa can be found though rearrangement of equation 3.29.  Using the 
length resolution of 27.43 nm as the deflection, y(0), 1 Pa of the exerted pressure, P, and 
the material characteristic of silicon, a diaphragm radius of 0.35 m is calculated. This in 
turn corresponds to a burst pressure, Pm, as calculated using equation 3.30, of 4.94 MPa. 
As would be expected, in order to achieve a large diaphragm deflection of 2.74 mm, due 
to the length resolution determined via the fibre sensing configuration, a diaphragm of 
large thickness and radius is required for measurements of pressure detectable within 
the linear range.  A diaphragm of this proportion is, however, out of the question. 
As it can been seen, the main issue of requiring a diaphragm of such large dimensions is 
a result of the differential length measurement resolution obtained for the researched 
sensing configuration.  A measurement resolution of 27.43 nm is unfortunately too great 
a number and, in fact, this should ideally be a factor of ten, if not more, smaller.  If a 
length resolution of 1 nm could be achieved such a diaphragm would only require a 
deflection of 100 μm for linear measurements within the specified pressure range.  
Using the same calculations as those used above for a 27.43 nm length resolution, the 
diaphragm dimensions would be reduced to a thickness of 333.33 μm and a radius of 
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12.91 mm.  The maximum burst pressure would remain the same due to the scaling of 
the diaphragm dimensions.  Although these dimensions are still fairly large when 
compared to other optical fibre sensing configurations (9), this would be a more realistic 
fabrication and would in fact generate a measurement system with a higher pressure 
resolution for the given pressure range.  Such a diaphragm performance when compared 
to a similar sensor based on a MEMS technique (1), would again produce a greater 
pressure resolution over the given pressure range required. 
An alternative approach in which a diaphragm with more realistic dimensions could be 
used, whilst keeping the current differential length measurement resolution, would be 
one in which the diaphragm deflection, within the measurement range, is greater than 
30% of the thickness.  At this point the deflection is no longer linear with applied 
pressure.  In doing so the dimensions could be dramatically reduced from the linear 
region dimensions, provided the maximum burst pressure is not exceeded.  This 
approach would however require correction data for measurements made outside of the 
linear region due to the lower deflection at higher pressures, illustrated in Figure 6.4. 
 
 
Figure 6.4: Response curve for the diaphragm deflection vs. the applied pressure. 
 
When moving out of the linear measurement region there are consequences that need to 
be addressed.  Outwith the linear region there is a need to measure the absolute pressure 
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in order to determine the local slope of the sensitivity with applied pressure, shown in 
Figure 6.5, due to this changing as a function of the absolute pressure.  As the 
differential pressure is small, hence the 1 Pa resolution, the sensitivity response in the 
upper pressure region, 100 kPa ± 10 kPa, has changed relative to atmospheric pressure, 
however is still quite similar in the two different regions. 
 
 
Figure 6.5: Response curve for the diaphragm sensitivity vs. the applied pressure. 
 
At the higher pressure ranges the sensitivity is lower, and also changes in a given 
pressure region, 100 kPa ± 10 kPa.  In this region, if the absolute pressure is known as 
the sum or average of both of these, the common mode deflection can be used.  
Although this is not linear, it would be the same in both arms due to both being in the 
100 kPa pressure range. 
Figures 6.4 and 6.5 show the central deflection and sensitivity of a silicon diaphragm, 
for applied pressures up to 100 kPa.  The diaphragm dimensions in this case are 250 μm 
and 26.32 mm for the thickness and radius respectively, keeping the maximum applied 
pressure below the burst pressure of 638.93 kPa.  This diaphragm, when compared to 
the previous thickness and radius of 9.13 mm and 0.35 m, has dimensions of a more 
realistic design. As a consequence of the nonlinear deflection at the central position, 
however, the deflection at 100 kPa is not suitable of use with the differential length 
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interrogation technology with the resolution of 27.43 nm.  Increasing the diaphragm 
dimensions will subsequently increase the deflection range however this leads back to 
the original issue of a large diaphragm. 
For applications in differential pressure measurement, the differential length 
interrogation system could be used with the current length resolution if alternative 
diaphragm characteristics are employed. 
 
6.4. Conclusion 
This chapter has described the pressure application in which the optical fibre differential 
length measurement system, researched throughout this thesis, could be utilised.  
Differential pressure measurements can provide a useful technique for the determination 
of liquid flow within a pipe work series for the understanding of how particular 
geometries change the fluid flow rate. 
In order to make such pressure measurements using the constructed configuration in 
which length measurements are made, the characteristics of a deformable diaphragm, 
described in Chapter 3, have to be understood.  A diaphragm, when subjected to an 
external force, will bend, with the maximum deflection occurring at the centre.  If this 
deflection, in terms of length, can be measured and the properties of the diaphragm are 
known, the exerted pressure to cause such a deflection can be calculated. 
Within this chapter the characteristic of a deformable diaphragm have been used for the 
determination of a suitable sensing configuration in which the differential length 
measurement system could be use for the determination of a differential pressure 
measurement.  Investigation of diaphragm materials and designs was covered in the 
text, along with a schematic of a sensor head housing for pressure measurements. 
Although out with the scope of this research, a basic solution to account for temperature 
changes in the surrounding environment was described.   This solution is based on 
fabricating the sensor head at the sensing location using one single material with a 
known thermal expansion coefficient, within which the optical fibre and pressure 
sensing diaphragm will be located. 
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For simplicity the diaphragm deflection, within the measurement range of interest, 
should be kept within the linear range.  This however is not a necessity as correction 
data can to used to counteract measurements made outside of the linear regime. 
For use in the form of a pressure sensing system, where a measurement resolution of 
1 Pa is required, the fibre optic differential length measurement configuration, having a 
differential length resolution of 27.43 nm, would require a diaphragm with a central 
deflection of 2.74 mm for applied pressures up to 100 kPa.  In keeping the 
measurements within the linear range, this would require a diaphragm 9.13 mm thick 
with a 0.35 m radius, if constructed using Silicon material.  As can be imagined, this is 
simply not plausible. 
When verified against diaphragms of similar material properties as that which have been 
used in this arrangement (10), it is due to the high length resolution of the measurement 
system achievable, and the pressure resolution required over the large range, that such 
large diaphragm dimensions are necessary.  It is however possible with such a design to 
achieve the desired measurements of the guidelines set in Chapter 4, table 4.1. 
Reduction of the diaphragm dimensions to more realistic values of 250.00 μm and 
26.32 mm, for the thickness and radius respectively, can be made, however this would 
now be operating in the nonlinear measurement range to which additional analysis 
would be required. 
This may also not provide the required deflection necessary to measure differential 
lengths using the differential length sensing configuration.  Alternative diaphragm 
designs may have to be considered such as a corrugated design. 
A reduction in the differential length measurement resolution from the current value of 
27.43 nm would also result in a diaphragm with smaller dimensions being fabricated in 
which measurements would be within the linear regime, removing the need for 
additional analysis.  Possible methods through which the differential length resolution 
can be reduced will be discussed in Chapter 7. 
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Chapter 7: Conclusions and Future Work 
 
7.1. Introduction 
The work contained in this thesis was concerned with the application of fibre optics and 
interferometry techniques for the development of a measurement system used in the 
determination of the differential length of two widely separate, individual Fabry-Perot 
micro cavities.  With the design of such a system, an application, in the form of a 
pressure sensor, which could utilise the measurement principles of the researched 
sensing configuration, was considered. 
The final conclusions of the research will be offered in this chapter with an assessment 
and analysis of the final system provided.  Finally possible improvements and various 
suggestions for direction of further work are noted. 
 
7.2. Summary 
The outline of the research was set in Chapter 1 to develop an interferometric 
interrogation technology for problems of differential length measurement, which could 
be applied in industrial pressure measurements.  The measurement technique, based on 
properties of low and high coherence interferometry, would provide a differential length 
between two widely separate, individual locations.  The interconnecting optical leads to 
the sensing locations would also be ideally insensitive to surrounding environmental 
effects. 
A review of conventional sensing techniques that might provide differential 
measurements was carried out in Chapter 2 in order to confirm that current systems 
available would not provide a suitable solution to achieving the required goals of this 
project.  Chapter 2 continued by investigating different optical fibres currently available 
along with possible measurement techniques that can be employed within them.  
Examples of optical fibre sensor systems were shown. This provided numerous 
measurement methods from which the most suitable and practical method was selected. 
Having selected a suitable fibre optic based approach in order to meet the requirements 
of the measurement system, a theoretical investigation into the working components of 
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the system was carried on in Chapter 3.  Detailed analysis of the Michelson 
interferometer and Fabry-Perot etalons were discussed, and how such systems can be 
used for optical metrology.  Light sources in the form of both low and high coherent 
sources were detailed and the conditions under which interference effects can arise.  The 
properties of these light sources and how each can be utilised within the sensing 
configuration to provide differing results were also considered.  Finally in Chapter 3 the 
theory of deformable diaphragms for the purpose of pressure measurements was 
discussed. 
In Chapter 4 the full differential length sensing configuration was described, with an in-
depth analysis of the individual aspects that make up the system.  This was followed in 
Chapter 5 with a discussion on the data analysis and performance of the full optical 
arrangement for the measurements of differential length, taking into consideration the 
noise within the system. 
Procedures to accurately determine differential length measurements were shown in 
Chapter 5, along with an investigation into the effect of environmental factors acting on 
the optical fibre interconnecting leads between measurement locations.  
Finally in Chapter 6, having reviewed the theoretical analysis of a deformable 
diaphragms in Chapter 3, a possible design for a final pressure sensing configuration 
into industrial applications was presented. 
 
7.3. Conclusions 
The purpose of the research behind this thesis was for the development of an 
interrogation technology which could be applied to the problem of differential length 
measurement which may exist in pressure measurements.  The desired differential 
length measurement would be made between two individual sensing components at 
widely separate locations.  An optical fibre system was developed based on the 
principles of interferometry.  Several different light sources were utilised in the system 
to achieve the required measurements to determine the single measurand of a difference 
in length. 
The differential length of two Fabry-Perot cavities, arranged in tandem, was measured 
using a scanning Michelson interferometer and a broadband light source.  Interference 
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fringes where observed when the optical path length difference of the two Michelson 
interferometer arms were equal to the differential length of the Fabry-Perot cavities.  
Through monitoring the change in the optical path length of the Michelson 
interferometer the desired length is obtained. 
Due to the system configuration and the chosen components, the output signal level of 
the broadband source is relatively low and as such introduces optical noise into the 
system.  With the use of a higher output source, and through improved coupling 
techniques in the Fabry-Perot cavities as will be discussed in the following section, the 
signal strength detectable via the InGaAs photodiodes would be improved, allowing a 
more accurate data analysis with less influence by measurement noise. 
A laser source, used to illuminate the Michelson interferometer, provides a reference 
measurement to which the differential length is determined, as a result of the formation 
of high coherent interference fringes during the optical path scanning process of the 
piezo fibre stretcher. 
Utilising techniques such as the Hilbert transform, as a means of obtaining the 
broadband interference fringe envelope, a peak detector function in Labview, to 
determine the central locations of the interference envelope, and a fringe counting 
routine, as a procedure for calculating the high coherent fringes during the Michelson 
scan, an accurate determination of the optical length change can be found.  With use of 
the fringe counting technique, interference fringes can be determined to within 1/1750th 
of a fringe. 
Using the data analysis methods employed the differential length of two Fabry-Perot 
cavities can be determined with a measurement resolution of 27.43 nm. 
Although the designed configuration has been proven for making differential 
measurements, with further analysis showing that environmental factors on the fibre 
interconnecting leads between the sensing locations having negligible effect on the 
overall measurement accuracy, the recovered resolution is higher than what would have 
liked to have been achieved and a reduction in this would be preferred before 
incorporation into applications involving length measurement. 
One application in which such a measurement system could be incorporated is in the 
use of pressure measurement. In an ideal pressure system one might wish to determine 
the differential pressure up to 100 kPa with a resolution of 1 Pa, something that can 
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prove to be difficult with current measurement techniques.  Using the configured 
system, in which the length resolution is 27.43 nm, in order to measure up to 100 kPa a 
deformable diaphragm with a central deflection of 2.74 mm would be required.  For this 
deflection, and in keeping the measurements within the linear range, a diaphragm 
9.13 mm thick with a radius of 0.35 m would need to be fabricated.  As it can be 
imagined, this is not a possible scenario. 
An approach for reducing these diaphragm dimensions to more realistic dimensions of 
250.00 µm and 26.32 mm for the thickness and radius respectively, would be to record 
measurements in the nonlinear regime.  Linear measurements are ideal for simplistic 
means as when you move to the nonlinear regime correction data is required to 
compensate for the change in deflection with applied pressure.  Out with the linear 
region there is also a need to obtain the absolute pressure in order to determine the local 
slope of the diaphragm sensitivity in the upper pressure regions, 100 kPa ± 10 kPa. At 
the higher pressure ranges the sensitivity is lower, and also changes in a given pressure 
region.  In this region, if the absolute pressure is known as the sum or average of both of 
these, the common mode deflection can be used.  Although this is not linear, it would be 
the same in both arms due to both being in the 100 kPa pressure range. 
Alternatively, if it is desirable to have a functioning diaphragm in which the 
measurements within the pressure range of interest are linear, a means of reducing the 
differential length resolution of the optical fibre researched arrangement could be 
implemented.  With a reduction in the length resolution, the diaphragm deflection and 
dimensions would not be required to be as high as the current value.  With a length 
resolution reduced to 1 nm, a diaphragm for measurements of pressure up to 100 kPa 
would require a central deflection of only 100 µm.  Such a diaphragm would not only 
benefit from a smaller fabrication size, 333.33 µm thickness and 12.91 mm radius, it 
would also have a linear deflection with applied pressure within the measurement range 
of interest. 
It is hoped that with further improvements to the system, as will be discussed in the 
following section, the differential length measurement resolution, achieved using the 
constructed optical fibre arrangement, can be reduced, preferably by a factor of ten if 
not more. 
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7.4. Contribution of This Work Beyond the State of the Art 
In Chapter 2, in which a review was carried out on current conventional and optical 
sensing techniques, it was clear that there existed a gap for the development of a 
measurement system in which differential pressure, through a means of determining a 
differential length, could be calculated between two independent and widely separated 
sensing locations.  As described in the discussion carried out in section 2.6, many 
existing sensor configurations suffer from a lack of high resolution measurements over 
large pressure ranges, or in some instances, the sensing components are located at some 
distance from the point of interest and require tubing to carry the pressure to the sensing 
head.  Such systems suffer from environmental factors surrounding the tubing and may 
result in changes in the desired pressure level. 
In this thesis, research has been carried out to demonstrate a technique using low 
coherence interferometry in which the differential length of two Fabry-Perot cavities 
can be determined without knowledge of the separate cavity lengths, thus reducing the 
measurement uncertainty.  Using a tandem arrangement of the sensing cavities and a 
scanning Michelson interferometer, desired high resolution measurements can be made 
at large pressures due to the common background pressure which both sensing locations 
will experience.  Only small changes in the deflection of pressure sensing diaphragms 
are of interest. 
It has also been demonstrated within this work that due to the design configuration of 
the overall sensing system, environmental effects such as changes in temperature and 
pressure surrounding the downlead optical fibre will not influence the measured 
differential.  This is as a result of the common optical path length between the two 
sensor locations. 
 
7.5. Future Work 
Upon completion of this experimental study several areas of further work can be 
identified.  The main requirement of the current interrogation system is to improve the 
output power measureable as a means of improving the signal to noise ratio.  Further 
work would be with the implementation of the system into a pipe work system for 
measurements of differential pressure. 
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7.5.1. Broadband light source 
Further to a change in optical power of the broadband light source, a source with a 
larger spectral profile would also add improvements to the system.  Due to the 
coherence length of the current source there are limitations regarding the initial optical 
path lengths of the tandem Fabry-Perot sensing cavities.  A broader spectral profile 
would provide a shorter coherence length over which interference effects take place.  
This would therefore allow for shorter initial cavity lengths, which in turn would 
improve the fibre coupling at the Fabry-Perot interface.  A broader spectral profile 
would also reduce the width of the interference fringe packets resulting from the 
interactions of the Michelson interferometer and the sensing cavities, making peak 
detection a simpler procedure.  The source profile however would ideally have to be a 
uniform Gaussian shape.  A non-consistent envelope profile may create later problems 
during the data analysis procedures (1). 
The use of a light source with an increased spectral width raises the question over the 
operating bandwidths of the optical components within the interrogation system.  With 
component bandwidths ranging from 20 nm for the WDM’s to 40 nm of the 4-port 
optical circulator, it is important to determine whether or not they would be suitable for 
use with a high band width spectral light source and the implications involved. 
 
7.5.2. Michelson interferometer 
Possible changes in the probing Michelson interferometer would include the 
substitution of the current piezo fibre stretcher with one of a larger diameter.  With the 
current piezo tube diameter of 38 mm, large numbers of fibre turns could be resulting in 
signal losses due to bend effects, particularly at 1550 nm wavelengths.  At this 
wavelength attenuation around a 50 mm tube is ≤ 0.10 dB for 100 turns, and even 
greater at ≤ 0.50 dB around a tube 32 mm in diameter (2).  With the introduction of a 
piezo tube with a diameter greater than 60 mm bend losses would be negligible.  The 
use of a fibre stretcher with a thicker piezo material would also allow for a greater 
voltage application, resulting in further expansion and the advantage of using shorter 
fibre lengths 
As a consequence of the current fibre length of the Michelson interferometer arms and 
the large number of coils around the piezo fibre stretcher, birefringence is introduced 
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into the system which has to be altered using polarisation controllers.  The polarisation 
controllers have a limited effect however, and changes in the polarisation can arise 
during expansion of the fibre length.  With shorter interferometer arm lengths, 
polarisation maintaining fibre could be introduced to maintain the polarisation state of 
the light during the expansion process. 
 
7.5.3. Fabry-Perot cavities 
Fibre coupling of light at the Fabry-Perot cavity interface remains one of the leading 
sources of signal loss within the system.  This could be improved through shorter cavity 
lengths.  Alternatively, the addition of a collimating lens (GRIN lens) on the fibre end 
would improve the coupling ratio of the light.  This approach was considered and tested, 
as mentioned in section 4.2.2, however as a result of the GRIN lens structure additional 
interference effects were observed which had an impact on the interference fringes of 
interest.  Further investigations into this could be carried out with different lenses, for 
example micro lenses, being used or collimation techniques in the form of modifying 
the end shape of the fibre. 
 
7.5.4. Improved data analysis 
The current measurement resolution could also be improved through an averaging 
process of the measured differential length.  Recording an average of the differential 
length under investigation could result in a reduction in the resolution.  This however 
would only be a possibility if the data processing rate was to increase.  An improvement 
in data analysis could increase the recorded number of length measurements, providing 
additional sampling data at a greater rate.  This can be achieved through the use of data 
processing cards or even graphics cards with increased sampling rates compared to the 
current situation. 
 
7.5.5. Pressure sensing measurement 
As a possible application of the constructed interrogation system in the measurement of 
differential pressure, future measurements could be made using deformable diaphragms 
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as the reflecting surface of the Fabry-Perot cavities, with the possibility of performing 
measurements when exposed to a liquid pressure. 
Having determined the design parameters of a sensing diaphragm capable of measuring 
differential pressures, utilising the researched length measurement procedure, up to 
100 kPa, fabrication of such a diaphragm could be made.  With the construction of a 
sensor head containing the aforementioned sensing diaphragm, a known pressure in the 
form of liquid or gas could be exerted to determine whether through measurement of the 
differential length, the applied pressure could be calculated. 
Further investigation into suitable diaphragm designs could be made to find a solution 
to reducing the current diaphragm dimensions based on the measurement capability of 
the differential length measurement system. 
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